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ABSTRACT  

Cystic fibrosis transmembrane conductance regulator (CFTR) is a membrane protein 

that functions as an ion channel. Mutations that disrupt its biosynthesis, trafficking, or 

function cause cystic fibrosis (CF). The theoretical part provides an introduction to CF with 

a specific focus on available systems for detection of CFTR function or CFTR protein, and 

for monitoring the activity of professional phagocytes, which play a significant role in the 

inflammation accompanying this disease. 

The first section of the experimental part of this thesis describes the development and 

validation of a new in vitro system for CFTR protein detection. In this model, a HiBiT tag is 

inserted into the 4th extracellular loop of endogenously expressed CFTR (WT-CFTR) using 

CRISPR/Cas9 genome editing to enable the detection of CFTR in the plasma membrane of 

live cells. In summary, a novel reporter cell line has been established and validated with the 

potential to be used as a building block for the development of unique CF cell models using 

CRISPR-mediated insertion of CFTR-causing mutations. In addition, this optimized 

CRISPR/Cas9 mediated HiBiT tag insertion design can be further used to label mutant CFTR 

in diverse cell lines. 

The second part describes the development and validation of a new method suitable 

for monitoring macrophage phagocytic activity mediated by the mannose receptor (MR) 

CD206, whose expression is often reduced in CF patients. The principle of this innovative 

method is based on the detection of internalization of fluorescent nanodiamonds (FNDs) with 

a special surface architecture displaying polyvalent mannose. In vitro experiments showed 

a significant increase in the internalization of mannosylated FNDs when compared to non-

mannosylated FNDs, while at the same time no significant toxicity was observed for both 

particles. The specific involvement of MR was confirmed by blocking MR with mannan and 

anti-MR antibody. 

In conclusion, it is important to emphasize the utility of newly developed innovative 

methods and model systems for a better understanding of processes during CF progression, 

or even for the discovery of new CFTR modulators or substances suppressing inflammation.  
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Methods

CRISPR/Cas9 bioluminescence-based assay for
monitoring CFTR traf� cking to the plasma membrane
Martin Ondra1,4 , Lukas Lenart1, Amanda Centorame2,3, Daciana C Dumut2,3, Alexander He5, Syeda Sadaf Zehra Zaidi5,
John W Hanrahan3,5 , Juan Bautista De Sanctis1 , Danuta Radzioch1,2,3 , Marian Hajduch1,4,6

CFTR is a membrane protein that functions as an ion channel.
Mutations that disrupt its biosynthesis, traf � cking or function
cause cystic � brosis (CF). Here, we present a novel in vitro model
system prepared using CRISPR/Cas9 genome editing with en-
dogenously expressed WT-CFTR tagged with a HiBiT peptide. To
enable the detection of CFTR in the plasma membrane of live
cells, we inserted the HiBiT tag in the fourth extracellular loop of
WT-CFTR. The 11-amino acid HiBiT tag binds with high af� nity to a
large inactive subunit (LgBiT), generating a reporter luciferase
with bright luminescence. Nine homozygous clones with the HiBiT
knock-in were identi � ed from the 182 screened clones; two were
genetically and functionally validated. In summary, this work
describes the preparation and validation of a novel reporter cell
line with the potential to be used as an ultimate building block
for developing unique cellular CF models by CRISPR-mediated
insertion of CF-causing mutations.
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Introduction

Cystic�brosis (CF) is a lethal, autosomal recessive disorder caused
by mutations in the CFTRgene that results in aberrant transport
of chloride, bicarbonate, and sodium ions (Kerem et al, 1989;
Riordan et al, 1989; Rommens et al, 1989; Tabcharani et al, 1991;
Poulsen et al, 1994; Stutts et al, 1995; Mall et al, 1996). CF affects the
function of sweat glands, pancreas, liver, gastrointestinal tract, and
reproductive and respiratory systems (Molina & Hunt, 2017). Despite
the systemic nature of CF, recurrent lung infections are the major
cause of morbidity and mortality (Turcios, 2020). Defective ions and
� uid transport in the airway epithelia alter extracellular pH and
lead to dehydration of the airway surface, translating into the
impaired mucociliary clearance of thick, sticky mucus (Poulsen et al,
1994; Coakley et al, 2003;Boucher, 2007). These changes promote
airway infections eliciting intense yet unresolved in � ammation

(Pezzulo et al, 2012; Cantin et al, 2015). The vicious cycle of infection
and in� ammation leads to permanent structural airway damage
and the development of bronchiectasis that, together with small
airway obstruction, contributes to respiratory failure (Cantin et al,
2015; Turcios, 2020).

The CFTRgene spans ~190 kb on the long arm of chromosome 7
(7q31.2). Its 27 exons are translated into a 1,480-amino acid CFTR
protein (Riordan et al, 1989; Tsui & Dorfman, 2013). CFTR, a member
of the ATP-binding cassette protein superfamily, consists of two
transmembrane domains, two nucleotide-binding domains (NBD),
and a regulatory domain (RD). CFTR differs from the rest of the
human ATP-binding cassette proteins in its structure and function,
as it comprises a unique RD and operates as a cAMP-dependent
ATP-gated ion channel (Sheppard & Welsh, 1999; Dean et al, 2001;
Lopes-Pacheco, 2020). The transmembrane domains span through
the plasma membrane (PM), each by six helical segments, and form
the channel pore (Riordan et al, 1989; Sheppard & Welsh, 1999; Liu
et al, 2017). The highly organized NBDs are localized in the cytosol
with the unorganized RD containing recognition sequences for PKA
and PKC phosphorylation (Rommens et al, 1989; Jia et al, 1997;
Sheppard & Welsh, 1999). CFTR channel opening is induced by the
dimerization of NBDs upon binding of two molecules of ATP. As the
NBD1 is sterically blocked by the RD domain in the inactive state,
both the regulatory insertion segment of NBD1, and the RD, need to
be phosphorylated by PKA to enable the NBD dimerization. The ATP-
dependent gating cycle is completed by the hydrolysis of ATPs
returning the channel to its closed state (Sheppard & Welsh, 1999;
Vergani et al, 2005;Sorum et al, 2017; Zhang et al, 2017; Della Sala
et al, 2021).

With over 2,000 identi�ed CFTRmutation variants (The clinical
and Functional TRanslation of CFTR, 2023), the most common
mutation is the deletion of three nucleotides leading to the loss of
phenylalanine at position 508 of the CFTR protein (� F508). ~90% of
people with CF (PwCF) carry at least one copy of� F508, with 50%
being � F508 homozygotes (Guo et al, 2022). Conventionally, CFTR
mutations are classi�ed into six classes based on their effect on
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CFTR biosynthesis and cellular phenotype (Zielenski, 2000; Boyle &
De Boeck, 2013). Whereas the� rst two classes (I, II) are characterized
by the absence of CFTR in the PM, the other four classes (III–VI)
comprise CFTRmutations affecting channel function and/or the
amount of CFTR protein rather than its traf� cking. However, it has
been described that some mutations result in a pleiotropic defect of
the CFTR. For example, in the case of class II mutation� F508, most of
the misfolded proteins do not reach the PM as they undergo en-
doplasmic reticulum-associated degradation (ERAD). Nonetheless,
some of the misfolded � F508-CFTR can escape ERAD, thus reaching
the PM, where they exhibit decreased activity and stability, both
characteristic traits of class III and VI mutations ( Veit et al, 2016).

As mentioned above, numerous mutations give rise to CF. Apart
from conventional supportive therapy, focusing on alleviating CF
symptoms, there has been a serious effort regarding the devel-
opment of small molecules called modulators that can target and
rectify the underlying CFTR defects. The most prominent categories
of CFTR modulators are correctors and potentiators. Whereas
correctors mediate the proper folding of mutated CFTR, thus en-
abling its glycosylation and membrane localization, potentiators
increase the channel conductance and the open-state probability
of CFTR already located in the PM (Rowe & Verkman, 2013; Lopes-
Pacheco, 2016). Over the last two decades, a wide variety of HTS
assays have been established to identify CFTR modulators. These
assays can either address the channel function by directly or in-
directly measuring CFTR ion� ux (Ramalho et al, 2022) or assess
CFTR localization via its epitope tagging (Carlile et al, 2007). The
generation of a halide-sensitive YFP probe (Jayaraman et al, 2000;
Galietta et al, 2001a) resulted in signi �cant advancement in the �eld
of functional HTS assays (Galietta et al, 2001b; Ma et al, 2002; Smith
et al, 2017). Equally, the tagging of WT and� F508 CFTR extracellular
loops with HA and FLAG tags (Howard et al, 1995; Carlile et al, 2007),
without disrupting the protein folding and traf�cking, opened a new
chapter in the HTS identi�cation of modulators that target defects
in CFTR synthesis, processing, and subsequent membrane locali-
zation (class I and II mutations). Despite their unquestionable
contribution to the development of CFTR modulators, the above-
mentioned assays rely on the exogenous overexpression of mu-
tated CFTR. This overexpression does not re� ect the natural state
of the cell and may lead to the disruption of the balanced stoi-
chiometry of protein complexes and nonphysiological artifacts
(Prelich, 2012; Moriya, 2015). As the exogenous mutated CFTR is
expressed from cDNA, it does not capture the fundamental aspects
of CFTR processing. Therefore, these models are inadequate for the
identi �cation of modulators targeting splicing mutations, intronic
SNPs, and premature termination codons (Clancy et al, 2019).

Utilizing CRISPR/Cas9-mediated genome editing (Jinek et al,
2012; Cong et al, 2013) and the structural complementation re-
porter system HiBiT/LgBiT (Schwinn et al, 2018), we developed a
bioluminescence-based assay for quantifying and localizing en-
dogenously expressed WT-CFTR. The HiBiT/LgBiT is a biolumines-
cent binary reporter system derived from previously engineered
NanoLuc luciferase (Hall et al, 2012). It takes advantage of the
NanoLuc binary technology (NanoBiT;Dixon et al, 2016) exploiting
the assembly of split NanoLuc from its 18-kD subunit called Large
BiT (LgBiT) and a small complementary subunit. Several variants of
small complementary subunits have been developed with various

af�nities to LgBiT. One of them, an 11-amino acid peptide (1.3 kD),
termed HiBiT (Schwinn et al, 2018), produces bright and quantitative
luminescence upon high-af �nity complementation with LgBiT in
the presence of a substrate. Its small size makes HiBiT an ideal tag
for monitoring endogenously expressed proteins when inserted by
genome editing. The HiBiT-tagged proteins can easily be quanti�ed
and localized by “Add and Read”' assays.

This study describes simple cell-based “Add and Read” assays
for detecting endogenous levels of WT-CFTR and its membrane lo-
calization. CFTR expression, glycosylation, localization, and function
are preserved after HiBiT knock-in into the fourth extracellular loop
(ECL4) of WT-CFTR. siRNA-mediated knockdown of CFTR demonstrates
the utility of our assays. Our validated cell-based model provides a
platform for preparing new CF HTS models using the direct intro-
duction of speci � c mutations by genome editing. Furthermore, our
optimized pipeline for CRISPR/Cas9-mediated HiBiT knock-in enables
the insertion of HiBiT into CFTR protein variants in other cell lines,
allowing the creatio n of novel models for CFTRmutations with cur-
rently no available therapies.

Results

Assay design and principle

To develop novel bioluminescence-based assays for total quan-
ti �cation and live-cell detection of WT-CFTR in the PM, we used
NanoBiT (Dixon et al, 2016) in combination with CRISPR/Cas9 gene
editing. The NanoBiT is a unique fragment complementation re-
porter composed of two counterparts, HiBiT (1.3 kD) and Large Bit
(LgBiT; 18 kD), derived from NanoLuc luciferase. We investigated two
potential positions for CRISPR/Cas9-mediated knock-in of HiBiT in
the ECL4 of WT-CFTR (Fig 1A) for bioluminescence-based quanti-
�cation of both total endogenous levels (lytic assay) and live-cell
detection of WT-CFTR in the PM (extracellular assay). In the lytic
assay (Fig 1B), cells expressing WT-CFTR-HiBiT seeded in multi-well
plates were lysed in a detergent-containing buffer in the presence
of LgBiT and the substrate furimazine, followed by detection of
luminescence. In contrast, no detergent was added in the reaction
buffer when measuring live-cell plasma membrane localization in
the extracellular assay (Fig 1B), so that only HiBiT-tagged proteins
on the cell surface were detected. The luminescent signal in both
assays was proportional to the amount of HiBiT-tagged CFTR in the
cell lysate or in the PM of cells. Volumes were optimized for 96-well
and 384-well plates for optimal assay performance, following a 1:1
ratio of medium (without FBS): Nano-Glo reagent for the lytic/
extracellular assay, with volume ratios of 12.5:12.5� l for 384-well
and 50:50� l for 96-well plates.

Design and validation of Cas9/gRNA cleavage ef � ciency

Two potential insertion sites for the HiBiT tag were selected based on
the limited availability of the protospacer adjacent motif (PAM)
sequences in ECL4 (Fig 2A). These sequences are required for the
Cas9 function. We designed four different CRISPR RNAs (crRNAs;Fig
2B), located directly upstream to the PAM sequences, targeting a
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region in CFTRlocus chr7: 117,603,509–117,603,625 coding for ECL4.
crRNA1 and crRNA2 targeted loci after the glycosylation (GLY) sites in
ECL4, whereas crRNA3 and crRNA4 recognized regions before
GLY sites. Together with a Cas9-speci� c trans-activating CRISPR
RNA (tracrRNA), these crRNAs form guide RNA (gRNA). The trans-
fection ef� ciency of electroporation with ribonucleoprotein (RNP)
complexes (Cas9:gRNA) was veri� ed by � uorescence microscopy
48 h after transfection ( Fig S1A). 16HBE14o- cells (HBE) transfected
with RNPs were positive for � uorescent signal because of the � u-
orophore ATTO 550 (ex 561 nm; em 620 ± 35 nm) attached to tracrRNA.
Auto� uorescence was negligible in mock electroporated cells
(i.e., electroporated without RNP) or in non-electroporated cells. To
precisely analyze gene-cleavage ef� ciency (double-stranded breaks)
and repairs by nonhomologous end joining (NHEJ) in the pool of

edited cells, the targeted region in the genomic DNA was analyzed by
Sanger sequencing 72 h posttransfection. Using Tracking of Indels by
Decomposition (TIDE) online web tool software (Brinkman et al, 2014),
we identi � ed crRNA1 and crRNA3 as the best candidates, with 53.6%
and 56.4% total gene-cutting ef� ciencies (Fig S1B). They were used in
subsequent experiments for template-dependent HiBiT insertion
using the homology-directed repair (HDR) mechanism of cells. For
both crRNAs, the indels caused by NHEJ were found in proximity to
the predicted Cas9 cut site of the PAM sequence.

HDR-mediated knock-in of HiBiT tag into ECL4

To insert HiBiT into ECL4, we performed gene editing of the HBE cells
using two previously validated RNP complexes in the presence of

Figure 1. Development and principle of HTS assays for WT-CFTR quanti� cation and membrane detection.
(A) Potential HiBiT tag positions in WT-CFTR. Schematic structure of CFTR domains: two transmembrane-spanning domains (TMD1 and 2), two nucleotide-binding
domains (NBD1 and 2), and a regulatory domain (RD). Detail of the fourth extracellular loop (ECL4) depicting the CRISPR/Cas9 insertion of HiBiT tag atdifferent positions,
before or after glycosylation sites in the ECL4 of WT-CFTR.(B)Principle of Nano-Glo HiBiT detection systems. Quanti� cation of total WT-CFTR-HiBiT expression (lytic assay)
and live-cell detection in the membrane (extracellular assay).
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synthetic single-stranded oligodeoxynucleotide (ssODN) donors
(Fig 3A). Either RNP1 complex containing crRNA1 or RNP3 complex,
with crRNA3, targeting loci before or after the GLY sites in ECL4, was
used. We tested ssODNs, with 6 or 8 amino acid linkers (6 or 8AA) on
either side of the HiBiT sequence, speci�c for each RNP complex (Fig
3). ssODNs were designed with asymmetric lengths of homology
arms to increase HDR ef�ciency and silent mutations in the PAM
sequence to prevent recutting of the modi �ed locus (Table S1). To
assess the effect of the AA linker's length on HiBiT detection and the
stability of the luminescent signal, lytic (Fig 3B) and extracellular
(Fig 3C) assays were performed 7 and 14 d after cell electroporation
(Figs 3B and Cand S2A and B). The luminescent signal was recorded
for 3 h to show the kinetic properties of both assays. The lytic
and extracellular assays were performed with various amounts of
seeded cells to determine an optimal cell number for the assays.
Pools of cells edited with RNPs and ssODN with 8AA linkers pro-
vided enhanced signal compared with RNPs with 6AA linkers, when
used for both lytic (RNP1/8AA 8.5 × 103 RLU, RNP3/8AA 12.5 × 103 RLU;
Fig 3B) and extracellular assays (RNP1/8AA 5.5 × 103 RLU, RNP3/8AA
6.3 × 103 RLU;Fig 3C). Unmodi�ed HBE cells (control) had a very low
background auto-luminescence ~1 × 103 RLU (relative light unit) in
the lytic assay and ~1.3 × 103 RLU in the extracellular assay (highest
concentration of cells seeded). Consequently, we proceeded with
RNPs and ssODNs containing 8AA linkers for further experiments.

Preparation of monoclonal cell lines expressing WT-CFTR-HiBiT

Limiting dilution cloning was used (Fig 4A) to prepare a monoclonal
cell line from pools of cells edited either with RNP1/8AA or RNP3/
8AA ssODN. Out of 182 tested clones in the primary screening (91
clones, A-clones RNP1/8AA; 91 clones, B-clones RNP3/8AA), we
identi �ed 32 positive clones (10 A-clones and 22 B-clones) with
varying levels of luminescence (Fig 4B). In the secondary screening,
we retested 27 out of the 32 clones (Fig 4C) to con�rm the hits from
the primary screening and to identify those expressing WT-CFTR-
HiBiT in the PM. All clones found in the primary screening using lytic
assay were positive in the secondary screening. At the same time, in
the extracellular assay, only eight clones (A22, A32, A37, A62, A67, B6,
B38, B60) had notably superior signals to that of non-modi �ed HBE
cells (Fig 4C). Moreover, we used PCR genotyping (Fig 4D) to dis-
tinguish heterozygous from homozygous clones. Heterozygotes
were represented by two bands (849 and 930 bp) corresponding to
unedited and edited alleles (+81 bp) of WT-CFTR. In contrast, only
one band (930 bp) was detected for homozygous clones. Overall, we
identi �ed nine homozygotes (A22, A65, A67, A83, B38, B42, B57, B60,
B89). The clones that also generated luminescence in the extra-
cellular assay were sequenced for validation of the correct HiBiT
knock-in position. We identi �ed three clones (A22, A67, and B38)
with a correct knock-in of the HiBiT sequence containing 8AA

Figure 2. HiBiT tag positions in ECL4 of WT-CFTR and schematic representation of crRNAs sequences.
(A)Two variants of HiBiT tag knock-in positions in ECL4.(B) crRNA target sequences with protospacer adjacent motif (PAM) sequence in red, glycosylation sites (GLY) in
green, and cleavage site of each crRNA.
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linkers; an example is illustrated in Fig 4E(clone B38). As the clone
A67 lost its phenotypic properties during further cultivation, only
clones A22 and B38 were analyzed for potential CRISPR/Cas9 gene
editing off-target effects (Table S2) using Sanger sequencing. There
were no variations detected in either of the two clones compared
with non-modi �ed HBE cells (Fig S3A and B).

Validation of WT-CFTR-HiBiT glycosylation, localization,
and function

To exclude possible alteration of protein processing and glycosyl-
ation status of WT-CFTR-HiBiT caused by HiBiT knock-in, Western
blotting (WB) and HiBiT blotting (HB) analysis were done. When
compared with HBE parental cells, A22 and B38 clones demonstrated
similar patterns for CFTR band C (~170 kD, complex-glycosylated CFTR)
and band B (~150 kD, core-glycosylated CFTR present in the ER) in WB
analysis (Fig 5A). However, a lower expression of CFTR in A22 and B38
clones was detected. Whereas the HB analysis revealed an additional
band in the vicinity of band B in clone A22, clone B38 did not exhibit
any additional bands in HB or WB analysis (Fig 5A), con� rming the

insertion and speci � c expression of HiBiT exclusively in WT-CFTR, and
unaltered glycosylation of the WT-CFTR-HiBiT. Next, the localization
of WT-CFTR-HiBiT was assessed by immuno� uorescence (IF) de-
tection using confocal microscopy. The expression and localization
of WT-CFTR-HiBiT in the B38 clone were compared with WT-CFTR
in parental HBE cells by immunostaining with or without per-
meabilization of cells ( Fig 5B). The monoclonal antibody used in IF
binds to the � rst extracellular loop (ECL1) of CFTR, enabling detection
of CFTR in the PM and throughout the cytoplasm with cell per-
meabilization. As a result, we observed invariable membrane staining
of WT-CFTR in HBE compared with WT-CFTR-HiBiT in B38 cells, re-
spectively. A notably higher level of immuno� uorescence signal was
observed for conditions with permeabilization corresponding to the
sum of stained CFTR in the PM and the cytoplasm. To validate the
correct anion channel activity of WT-CFTR-HiBiT protein, Ussing
chamber measurements were performed. First, amiloride was added
to ensure that sodium absorption did not contribute to the measured
short-circuit current (I SC). Sequential administration of forskolin
and genistein caused maximal activation of CFTR channels in the
apical membrane of the cell monolayer, thus elevating I SC. The CFTR

Figure 3. Comparison of single-stranded oligodeoxynucleotide with 6 and 8AA linkers for HiBiT knock-in.
(A)Schematic of homology-directed repair-mediated knock-in of HiBiT with either 6 or 8AA linkers. (B)Lytic assay and(C)Extracellular assay 7 d posttransfection. Three
different concentrations of cells (2 × 103, 4 × 103, and 6 × 103) were seeded. Highlighted numbers in graphs represent the signal for the highest concentration of cells after
30 min (mean ± SD, n = 3, technical replicates). Control = unmodi� ed HBE cells.
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inhibitor CFTRInh-172 (Inh172), decreased ISCto its baseline revealing
the total contribution of CFTR channel to the measured ISC(� ISC). This
decrease was used to quantify CFTR activity (Fig 5C). Although � ISC

recorded for clone B38 was lower than for HBE, B38 still exhibited an
adequate response to forskolin and to inhibitor Inh172; represen-
tative short-circuit current traces are illustrated in Fig 5C. We further
con� rmed that all measured monolayers were “non-leaky” by mea-
suring transepithelial electrical resistance (TEER; Fig 5C). Only
monolayers with a TEER� 200� × cm2 were included in the analysis.
These results demonstrated that the knock-in of HiBiT into the ECL4
did not impair the glycosylation, localization or function of WT-CFTR.

Down-regulation of CFTR expression is detectable by lytic and
extracellular assay

To evaluate the ability of our assays to quantify total and membrane
CFTR, we treated clone B38 with three unique siRNAs, effectively
reducing CFTR levels after 48 and 72 h of treatment according to both
lytic and extracellular assays. We observed a maximal reduction of

CFTR expression in cells transfected with siRNA A, after 72 h. Namely,
in cells treated with 50 nM siRNA A, a 58% decrease in lytic (P< 0.001;
Fig 6A) and a 52% decrease in the extracellular assays (P < 0.001;Fig
6A) were detected when compared with non-treated cells. No sig-
ni� cant difference was observed between non-treated cells and
those transfected with scrambled siRNA. To exclude potential cy-
totoxicity effects of siRNA, that might falsely affect the level of lu-
minescence, a cell viability (MTS) assay was performed. Clone B38
was treated with siRNA in parallel to the lytic and extracellular assays,
in the same manner. MTS assay revealed no signi� cant effect of siRNA
treatment on cell viability ( Fig 6B). In summary, siRNA-mediated
silencing results re� ect the capacity of our assays to detect and
quantify changes in total WT-CFTR-HiBiT after lysis, and in expression
of WT-CFTR-HiBiT on the surface of live cells.

Monitoring of CFTR traf� cking to the plasma membrane

To further validate the applicability of our assays in monitoring
CFTR traf� cking to the plasma membrane, we subjected B38

Figure 4. Generation of monoclonal cell lines expressing WT-CFTR-HiBiT and validation of HiBiT tag knock-in position.
(A) WT-CFTR-HiBiT–positive clones identi � cation work� ow. The pools of cells edited either with RNP1/8AA or RNP3/8AA single-stranded oligodeoxynucleotide
(template for HiBiT tag knock-in) were used for limiting dilution cloning to obtain monoclonal cell lines that were subjected to primary and secondary screenings.
(B) Primary screening. Lytic assay to detect positive clones for HiBiT.(C)Secondary screening. Positive clones from primary screening were retested using the lytic and
extracellular assays to detect total and membrane WT-CFTR-HiBiT expression (mean ± SD, n = 3, technical replicates).(D) PCR genotyping. The representative
electrophoresis separation pattern of PCR products. Heterozygotes are represented by two bands (849 and 930 bp) and homozygotes by only one band (930 bp).
CTRL = non-modi� ed HBE cells (849 bp).(E)Sanger sequencing. Chromatogram of the B38 clone compared with parental HBE cells and referenceCFTRgenomic sequence.
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cells to RAB5 and RAB11 siRNA treatments to affect the endocytic
traf� cking of CFTR (Fig 7A). After RAB5 siRNA treatment, we ob-
served a substantial increase in the luminescent signal within
cells. In contrast, treatment with RAB11 siRNA led to a signal
decrease (Fig 7B). Notably, there was no signi� cant impact of
siRNA treatment on cell viabilit y. In addition, besides the speci� c
down-regulation of expression of aforementioned RABs, we in-
vestigated the impact of Brefeldin A, a compound affecting the
intracellular transport of proteins from the endoplasmic reticu-
lum (ER) to the Golgi apparatus (GA;Fig 7A). Our observations
revealed a dose-dependent reduction in CFTR levels after a 6-h
Brefeldin A treatment, with no notable toxicity up to 12.5 � M
(Fig 7C). In essence, the results presented here � rmly af� rm the
potential of our assays not only in monitoring the overall CFTR
protein levels but also in evaluating its traf � cking and membrane
localization.

Discussion

Various HTS assays have been developed for monitoring CFTR
protein expression and traf�cking and have been leveraged to
discover new CFTR modi�ers. The overexpression of CFTR tagged
either with intracellular or extracellular epitopes such as FLAG-tag,
HA-tag (Howard et al, 1995) or � uorescent tags (Moyer et al, 1998)
was employed to study CFTR traf�cking, its subcellular localization,
and degradation, using � uorescent microscopy (Meacham et al,
2001; Carlile et al, 2007). Although sophisticated, these approaches
exploit the overexpression of recombinant proteins which can
produce an imbalance in protein processing, localization, and
levels, leading to nonphysiological artifacts (Prelich, 2012; Moriya,
2015). In the present study, we described the development and
validation of novel assays for detecting total and plasma mem-
brane WT-CFTR protein. Our goal was to develop a system with

Figure 5. Validation of clones.
(A) Western and HiBiT blotting. WB immunoblot probed with antibody 596 against the NBD2 domain of CFTR. C-band indicates the fully-glycosylated form of WT-CFTR
~170 kD, and the B-band, the ER core-glycosylated form ~150 kD.(B) Immunocytochemistry. Detection of CFTR by confocal microscopy in HBE and B38 cells (20x objective).
Cells incubated with TJA9 anti-CFTR antibody against ECL1 of CFTR and thereafter with a secondary antibody conjugated to Alexa 647 (red). Nuclei stained with Hoechst
33342 (blue) and PM with wheat germ agglutinin (WGA; green). Zoomed-in insets at 3× magni� cation (zoomed-in factor). Scale bar: 50 � m. (C) Short-circuit
current—Ussing chambers. Short-circuit current was recorded after exposure to amiloride (Aml; 10 � M), forskolin (Fsk; 10� M), genistein (Gst; 50� M), ATP (10� M), and
current inhibitor CFTRInh-172 (Inh172; 10� M). Maximal short circuit current (� ISC) was calculated post-forskolin, genistein activation, and current inhibition (Inh172). Only
monolayers with transepithelial electrical resistance � 200 � × cm2 were included in the analysis. Graphs show mean ISCwith SD. All experiments were done in three
independent biological replicates (n = 3).
Source data are available for this � gure.
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endogenous expression of WT-CFTR from its natural genome locus
that could be applicable for further development of CF model
systems. We used CRISPR/Cas9-targeted gene editing with the HiBiT
tag (Schwinn et al, 2018) to establish new bioluminescence-based
reporter assays (Fig 1B).

Since the recognition of CRISPR/Cas9’s potential to allow pro-
grammable genome editing (Jinek et al, 2012; Cong et al, 2013),
disease-speci�c model system engineering has been expanding
(Dow, 2015; Kampmann, 2020). CRISPR-derived models help eluci-
date disease mechanisms and identify potential therapeutic tar-
gets. To target speci�c DNA sequences for Cas9 endonuclease
cleavage, a gRNA is required. crRNA, a part of gRNA that is com-
plementary to the desired DNA sequence, directs the entire RNP
complex to generate site-speci�c double-strand DNA breaks (DSB;
Jinek et al, 2012; Cong et al, 2013; Mali et al, 2013; Konstantakos et al,
2022). Therefore, we designed and tested four crRNAs targeting
ECL4 in WT-CFTR (Fig 2B) to �nd the most ef �cient one. Through
electroporation-mediated delivery of RNP complexes into the
16HBE14o- cells and subsequent analysis of gene-editing events by
TIDE online web tool software (Fig S1B), we identi�ed crRNA1 and
crRNA3 as the best candidates for further genome editing.

DSB created by the CRISPR/Cas9 complex can be repaired through
NHEJ or HDR mechanisms (Kim & Kim, 2014). In the absence of a

homologous DNA template, DSB is repaired by NHEJ creating small
insertions or deletions at targeted loci. On the other hand, in the
presence of a homologous template, DSB can be correctly repaired
by HDR. The natural HDR mechanism of cells can be applied to
introduce any desired base-pair changes or insertions using syn-
thetic homologous repair templates ( Cong et al, 2013;Mali et al, 2013).
In our study, HDR-mediated knock-in of the HiBiT tag was performed.
Based on the principle of NanoBiT technology (Dixon et al, 2016),
HiBiT and LgBiT form an active luciferase enzyme, allowing for the
quanti � cation of endogenous, low-abundance proteins by lumi-
nescence detection (Schwinn et al, 2018). The spatial accessibility of
HiBiT for LgBiT binding is a crucial factor. To optimize the LgBiT to
HiBiT binding, we added 6 or 8AA linkers around the HiBiT sequence
in the donor ssODN template to protrude HiBiT from the ECL4 rigid
structure (Fig 3A). In the pools of edited cells, 8AA linkers provided an
enhanced luminescent signal compared with cells edited by RNPs in
the presence of ssODNs with 6AA linkers (Fig 3B and C).

A consistent genetic background of isogenic (monoclonal) cell lines
is one of the essential factors for preparing relevant disease models,
especially for CF (Pedemonte et al, 2010). Phenotype–genotype studies
in PwCF showed that the same CF-causing mutations could have a
distinct disease outcome based on the genetic makeup of each person
(Zielenski, 2000;Cutting, 2010,2015). Thus, to develop reproducible cell-

Figure 6. Down-regulation of CFTR expression in the B38 clone using siRNA.
(A)Lytic and extracellular assays after 48 and 72 h of siRNA treatment. The luminescent signal was measured after 30 min in both assays (mean ± SD).(B) Cell viability.
The effect of siRNA on cell viability was measured by MTS assay (mean). All experiments were done in three independent biological replicates (n = 9; technical replicates).
P-values were calculated using one-way ANOVA-Tukey’s test, ns = nonsigni� cant, *P � 0.05, **P < 0.005, ***P < 0.001.
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based systems for drug discovery screening, a relevant starting ma-
terial for the introduction of diseas e-causing mutations is crucial. To
address this, we have carried out limiting dilution cloning to obtain
HiBiT-positive monoclonal cell lines. Namely, in two rounds of clone
screening (Fig 4A–C), we identi� ed 27 clones positive for HiBiT knock-in.
In addition to that, ~5% of all clones tested (9 of 182) were identi� ed as
homozygotes for HiBiT knock-in using PCR genotyping (Fig 4D), which is
in accordance with previously reported data for HDR ef� ciency in the
presence of synthetic homologous repair templates ( Ruan et al, 2019).

Once monoclonality has been assessed, we further character-
ized two candidate isogenic cell lines (B38 and A22). CFTR has two
N-linked glycosylations at positions 894 and 900 (Riordan et al,
1989; Cheng et al, 1990; Gregory et al, 1990). As previously reported,
disruption of these glycosylation consensus sequences reduces
WT-CFTR stability (Chang et al, 2008). With this in mind, the effect of
HiBiT tag insertion into two distinct sites in ECL4, either before (B38
clone) or after GLY sites (A22 clone), was evaluated. As con�rmed by
our results, we detected two WT-CFTR-HiBiT bands corresponding
to core glycosylated (band B) and fully glycosylated (band C) CFTR in

conventional WB (Fig 5A). In WB, the C band was the most prominent
in both clones, con�rming the non-aberrant CFTR glycosylation
process after the HiBiT knock-in. On the contrary, in HB, an addi-
tional band was detected for clone A22. Thus the B38 clone was
selected for �nal validation. In addition, we also con �rmed the
accurate localization and traf �cking of WT-CFTR-HiBiT in the PM by
� uorescence microscopy (Fig 5B). Importantly, we did not �nd
signi�cant differences in immuno-staining patterns between pa-
rental HBE cells and the B38 clone. The last step of functional
validation was carried out by short-circuit current measurements.
HBE are immortalized airway-derived epithelial cells, which when
con� uent, become polarized and form tight junctions, thus man-
ifesting strong transepithelial electrical resistance and maintaining
cAMP- and Ca2+-dependent ClŠ currents (Cozens et al, 1994). The
clone B38 showed a lower � ISC compared with the HBE parental
cells but still was adequately stimulated by forskolin and inhibited
by CFTRInh-172. The reduced� ISCof the B38 clone was presumably
caused by lower expression of total CFTR (Fig 5A), most probably
generated by clonal selection. We observed a similar TEER (Fig 5C)

Figure 7. Modulation of CFTR traf� cking.
(A)Diagram of RAB5, RAB11 siRNA, and Brefeldin A effect on CFTR traf� cking. (B) RAB5 and RAB11 siRNA treatments. Lytic and extracellular assays were performed after
48 h of siRNA treatments.(C)Brefeldin A inhibition of protein transport from ER to GA. Lytic and extracellular assays were performed after 6 h treatment. The effect of
siRNA and Brefeldin A treatments on viability was measured by MTS assay (mean ± SD). The luminescent signal was measured after 30 min (mean ± SD). All experiments
were done in three independent biological replicates (n = 9; technical replicates). P-values were calculated using one-way ANOVA-Tukey’s test, ns = nonsigni� cant,
*P � 0.05, **P < 0.005, ***P < 0.001.
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for HBE and clone B38 indicating normal barrier function. These
observations are consistent with previous reports (Cozens et al,
1994; Illek et al, 2008; Gianotti et al, 2018). To conclude, the HiBiT
insertion before GLY sites in ECL4 did not disrupt WT-CFTR glyco-
sylation, localization or function.

To validate the simple “Add and Read” format of the lytic and
extracellular assays, the total and the plasma membrane WT-CFTR-
HiBiT were quanti�ed after knockdown by siRNAs. CFTR siRNA
speci�cally decreases the amount of CFTR mRNA available for
translation ( Elbashir et al, 2001), thus reducing the level of total and
membrane CFTR. In summary, treatment of the B38 clone with three
variants of siRNAs signi�cantly decreased both total WT-CFTR-HiBiT
up to 58% and plasma membrane CFTR up to 52% (Fig 6A). In
addition, we did not detect any cytotoxicity of the siRNA (Fig 6B). Our
observations support the utility of our assays for the direct de-
tection of changes in WT-CFTR levels and PM localization.

The level of membrane CFTR results from balanced CFTR ex-
pression, degradation, membrane delivery, and its endocytic
recycling. One of the essential factors in the endocytic recycling of
CFTR are the small RAB GTPases that function as molecular switches
regulating the effector proteins that mediate intracellular traf-
�cking ( Farinha & Canato, 2017). To assess the correct traf�cking
and subsequent membrane localization of WT-CFTR-HiBiT in the
B38 cell line, we speci�cally down-regulated the expression of RAB5
and RAB11 by RNA interference. Because RAB5 promotes the in-
ternalization of CFTR from PM into early endosomes and RAB11
regulates the traf�cking of CFTR from the recycling endosomes to
PM and GA (Ameen et al, 2007), the down-regulation of the RAB5 led
to increased membrane CFTR levels, whereas the down-regulation
of the RAB11 resulted in decreased membrane CFTR (Fig 7B).
Moreover, the suitability of our novel system for monitoring of CFTR
membrane traf �cking was corroborated by disrupting CFTR traf-
�cking from ER to GA by Brefeldin A as described byDonaldson et al
(1992).

As previously reported (Zhang et al, 2023), HiBiT tagging tech-
nology is ideal for high-throughput applications. The lytic and
extracellular assays were readily transferred from a 96-well plate to
the 384-well plate reader format, showing little variation between
replicates (Fig S4A–D).

Altogether, we have developed cell-based bioluminescence
assays that are convenient and scalable for high-throughput de-
termination of the total or live-cell membrane localized WT-CFTR.
Our validated model can potentially be used as a platform for
the preparation of new high-content and/or high-throughput
screening CF models for speci�c CFTRmutations, including rare
mutations that are dif � cult to study in primary cells. Moreover, our
CRISPR-based pipeline for CFTR HiBiT tagging can be used in other
cell lines expressing speci�c mutations in the CFTRgene.

Materials and Methods

Reagents

Alt-R CRISPR-Cas9 reagents (S.p. HiFi Cas9 Nuclease V3, Electro-
poration enhancer, tracrRNA ATTO550, and crRNAs) and ssODN

(HDR Donor Oligos) were purchased from Integrated DNA Tech-
nologies. PCR primers were obtained from GeneriBiotech. Nano-
Glo HiBiT Lytic Detection System and Nano-Glo HiBiT Extracellular
Detection System were purchased from Promega. Antibodies: mouse
anti-human CFTR antibodies (569, TJA9; CF Foundation), donkey anti-
mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody (Alexa
Fluor 647; Invitrogen). siRNA: CFTR Human siRNA Oligo Duplex (Locus
ID 1080; Origene), RAB5 (RAB5A) Human siRNA Oligo Duplex (Locus ID
5868), and RAB11 Human siRNA Oligo Duplex (Locus ID 8766).

Cell culture

Human bronchial epithelial cells (16HBE14o-) were kindly provided
by Dr. Dieter Gruenert (UCSF). 16HBE14o- cell line was originally
derived from the surface epithelium of bronchi from a 1-yr-old male
heart–lung transplant patient and immortalized by calcium phos-
phate transfection with the pSVori- plasmid ( Cozens et al, 1994). Cells
were cultured in complete Eagle’s minimal essential medium (Enzo)
with 10% FBS, 100 U/100� g per ml penicillin/streptomycin (Gibco)
under 5% CO2 at 37°C.

CRISPR gRNA preparation, RNP complex formation,
and electroporation

All crRNAs were designed using CHOPCHOP software (Labun et al,
2019). crRNA sequences can be found in Table S1. crRNA (200� M)
and tracrRNA (200� M) were mixed in a 1:1 ratio and incubated at
95°C for 5 min to prepare gRNA. RNP complexes for one transfection
(2.4 × 105 cells) were formed by mixing 3 � g of Alt-R S.p. HiFi Cas9
Nuclease V3 protein and 0.5� l of 100 � M gRNA for 15 min at RT.
Cells were resuspended in R buffer to 2.4 × 107 cells/ml. To deliver
RNP into 16HBE14o- cells, The Neon Transfection System 10� l Kit
(Invitrogen) was used. Cas9 RNP complexes with or without ssODN
donor template (2 � M) were electroporated into cells using the
following conditions: 1,200 V, 20 ms, 4 pulses. After electroporation,
the cells were transferred back to a medium without antibiotics.
After 48 h, electroporation was validated by detecting ATTO550 signal
of RNP with the Incucyte Live-cell analysis instrument (Sartorius).

Analysis of Cas9/gRNA genome editing (cutting) ef� ciency in the
pool of edited cells

Genomic DNA from 16HBE14o- cells electroporated with RNP
complexes without ssODN template was extracted using Monarch
Genomic DNA Puri�cation Kit (New England Biolabs, NEB) according
to the manufacturer ’s instructions. PCR was carried out with the
following primers, forward: 59-GCTCCTGCAGTTTCTAAAGAATATAG-39
and reverse: 59-GAGAGGTATGACTGACCCATAAG-39 using Phusion
High-Fidelity DNA Polymerase (NEB) to amplify a region of a 849-bp
� anking target site of gRNAs in the fourth extracellular loop of WT-
CFTR. PCR amplicons were puri�ed with Monarch PCR and DNA
Cleanup Kit (NEB). Puri�ed amplicons were sequenced using Sanger
sequencing with forward primer. To analyze the cutting ef�ciency of
crRNAs, Sanger sequencing�les from control (unedited) and edited
cells were used as input into the TIDE web tool (Brinkman et al,
2014).
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ssODN templates for HiBiT knock-in position

Two variants of ssODN templates with 6 or 8AA linkers on either side
of HiBiT (Table S1) speci�c for each crRNA were electroporated into
cells along with Cas9/gRNA. After 7 d, pools of edited cells were
seeded at three different concentrations: 2 × 104, 4 × 104, and 6 × 104

cells/well into CulturPlate-96, white opaque 96-well plate (Perki-
nElmer). The following day, lytic and extracellular assays were
carried out, as mentioned below. The time-dependent decay of the
luminescent signal for the lytic and extracellular assays was
measured continuously for 3 h.

Limiting dilution cloning

The pools of cells edited with Cas9/gRNA with ssODN (template for
HiBiT tag knock-in) were used for limiting dilution cloning to obtain
a monoclonal cell line. Cells were diluted in a conditioned medium
to 1 cell/100 � l, transferred in individual wells of a 96-well plate,
and grown for 3 wk. After ~7 d, plates were scanned for cell growth
and to identify wells that contained only a single colony. Wells with
more than a single colony were excluded from further experiments.
After ~21 d (reaching�80% con� uence), 3/4 of each well with a
monoclonal cell line were transferred to 24-well plates, and 1/4 was
used for primary screening.

Primary and secondary screening for HiBiT-positive monoclonal
cell lines identi � cation

As mentioned above, in primary screening 1/4 of each well from the
96-well plate with the monoclonal cell line was transferred into
CulturPlate-96, white opaque 96-well plate (PerkinElmer), and the
lytic assay was carried out as mentioned below. Positive clones for
the luminescent signal were retested after a week, using cells from
24-well plates, seeding 1 × 104 cells/well in triplicate for secondary
screening, with the lytic and extracellular assays. Positive clones
from both assays were expanded and cryopreserved.

Luminescent assay to quantify the total level of HiBiT-tagged WT-
CFTR protein (lytic assay)

To measure the expression of WT-CFTR-HiBiT protein in cells, Nano-
Glo HiBiT Lytic Detection System (Promega) was used according to
the manufacturer ’s protocol with a small alteration. Brie� y, cells
were seeded in 96-well plates or 384-well CulturePlate (Perki-
nElmer) and cultured for 24 h. The medium was removed before
adding a mixed reagent containing lytic buffer with LgBiT, substrate,
and fresh medium without FBS. The luminescent signal was
measured by EnVision plate reader (Perkin Elmer).

Luminescent assay to detect HiBiT-tagged WT-CFTR protein
expressed on the cell surface (extracellular assay)

To measure membrane localization of WT-CFTR-HiBiT protein in cells,
Nano-Glo HiBiT Extracellular Detection System (Promega) was used
according to the manufacturer ’s protocol with a small alteration.
Cells were seeded and incubated the same way as mentioned above
in the lytic assay protocol. The medium was removed before adding a

mixed reagent containing an assay buffer with LgBiT, substrate, and
fresh medium without FBS. We optimized the total assay volume for
both lytic and extracellular assays to 100 � l for 96-well plates and
25 � l for 384-well plates. The luminescent signal was measured by
EnVision plate reader (Perkin Elmer).

Heterozygotes and homozygotes genotyping, sequencing, and
CRISPR/Cas9 off-target activity detection

Genomic DNA (gDNA) was extracted from HiBiT-positive clones from
secondary screening using Monarch Genomic DNA Puri�cation Kit
(NEB) according to the manufacturer’s instructions. PCR was carried
out as mentioned in the section “Analysis of Cas9/gRNA genome
editing (cutting) ef � ciency in the pool of edited cells. ” PCR amplicons
were size-separated by 2% agarose gel electrophoresis. PCR
amplicons from identi �ed homozygotes were puri�ed with Monarch
PCR and DNA Cleanup Kit (NEB) and Sanger sequenced using
forward primer: 59- GCTCCTGCAGTTTCTAAAGAATATAG-39. For detec-
tion of CRISPR/Cas9 off-target activity, gDNA was extracted and
target sequences were ampli�ed by PCR, as mentioned above, with
primers listed in Table S2. Sanger sequencing was carried out only
with forward primers.

Western blotting and HiBiT blotting

For both assays, total protein lysates from 5 × 106 cells were pre-
pared using ice-cold RIPA buffer (150� M NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 50� M Tris–HCl pH 8.0 and 1� M
EDTA) supplemented with cOmplete Protease Inhibitor Cocktail
(Roche). The lysates were incubated on ice for 30 min, vortexed, and
centrifuged at 14,000g for 30 min at 4°C. Protein concentration was
determined by Pierce BCA Protein Assay Kit (Thermo Fisher Sci-
enti�c), and 30 � g/well of total protein lysate were size-separated
on 7.5% (wt/vol) SDS–PAGE gel. The resolved proteins were
transferred to nitrocellulose membranes using the semi-dry blot
method with the Trans-Blot Turbo Transfer System (Bio-Rad).
Western blotting : the membranes were blocked with 5% nonfat
dried milk in TBS buffer with 0.1% Tween-20 (TBST) for 1 h at RT,
followed by incubation with the respective primary antibodies
overnight at 4°C. The following day, membranes were washed
in TBST and incubated for 1 h with peroxidase-conjugated sec-
ondary antibody (1:10,000; Sigma-Aldrich). A monoclonal anti-
human CFTR antibody 596 (1:1,000; CF Foundation) was used to
detect C and B bands of CFTR protein, and an anti-� -actin antibody
(1:1,000; Sigma-Aldrich) was used as a loading control. Standard
electrochemiluminescence-based detection was performed using
ChemiDoc MP Imaging System (Bio-Rad Laboratories, Inc.)HiBiT
blotting : Nano-Glo HiBiT Blotting System (Promega) was used for
visualization of HiBiT-tagged proteins transferred on nitrocellulose
membranes according to the manufacturer ’s protocol.

Short-circuit current —Ussing chamber

Clone B38 and HBE cells were seeded at a 3 × 105 cells/cm 2 density
onto 6.5 mm TranswellPermeable Supports (Corning Inc), and
grown for 7 d in growth medium (100 � l Apical, 600 � l Basolateral),
with medium changes every 2–3 d. Cells were grown in DMEM
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(Wisent Inc) supplemented with 10% FBS (Wisent Inc), 1% non-
essential amino acids (Sigma-Aldrich), 2 mM L-glutamine (Wisent
Inc), 1 mM sodium pyruvate (Wisent Inc), 100 IU penicillin and 100
mg/ml streptomycin (Wisent Inc). Before electrophysiology anal-
ysis, cells were washed with PBS (Wisent Inc) and incubated in
Opti-MEM Reduced Serum Medium (Thermo Fisher Scienti� c)
supplemented with 10 mg/ml BSA (Sigma-Aldrich), (100� l Apical,
500 � l Basolateral) for 72 h, with medium changes every 24 h. The
short-circuit current (I SC) was measured using an Ussing chamber
(Physiologic Instruments). Trans-wells were mounted between two
hemi-chambers containing 5 ml of basolateral or apical solutions,
both at pH = 7.40. The apical solution consisted of 1.2 mM NaCl, 115 mM
sodium gluconate, 25 mM NaHCO3, 1.2 mM MgCl2, 4 mM CaCl2, 2.4 mM
KH2PO4, 1.24 mM K2HPO4, and 10 mM D-dextrose. The basolateral
solution consisted of 115 mM NaCl, 25 mM NaHCO3, 1.2 mM MgCl2,
1.2 mM CaCl2, 2.4 mM KH2PO4, 1.24 mM K2HPO4, and 10 mM D-dextrose.
Solutions in both hemi-chambers were maintained at 37°C and
bubbled with 95% O2 and 5% CO2. Therein, monolayers were apically
exposed to 10 � M amiloride (Sodium Channel blocker 1), 10� M
forskolin (cAMP agonist), 50� M genistein (CFTR potentiator), 10� M
CFTRInh-172 (CFTR blocker), and 10� M ATP (purinergic agonist to
activate Ca2+-activated ClŠ channels) in this sequence (Gianotti et al,
2018). To assess barrier function, periodic 1 mV pulses were applied
while recording the I SC, and the resulting de� ections in ISCpulse were
used to calculate TEER. Monolayers with TEER� 200 � × cm2 were
included in the analysis.

Immunocytochemistry

Cells were seeded into a PhenoPlate 96-well plate (PerkinElmer) at
4 × 104 cells/well and incubated for 24 h at 37°C in a 5% CO2. The
cells were washed three times in PBS and incubated for 3 min with
2 � g/ml of WGA Alexa Fluor 555 (Invitrogen) in Hanks’ Balanced Salt
solution followed by 20 min �xation with 4% PFA at RT. In addition,
cells were incubated for 15 min with 0.25% Triton X-100 in PBS for
the condition with permeabilization. Subsequently, three washes
with PBS were performed, followed by 90 min of blocking. A solution
of 1% BSA in PBS was used for blocking and diluting primary and
secondary antibodies. After blocking, primary anti-human CFTR
monoclonal antibody TJA9 (1:250; CF Foundation) was added, and
cells were incubated overnight at 4°C. The next day, all the wells
were washed three times with PBS and incubated with anti-mouse
Alexa Fluor 647 secondary antibody (1:1,000) for 60 min at RT and
washed three more times. Finally, Hoechst 33342 in PBS (10� M) was
added for 10 min to the cells. Images were acquired using a Cell
Voyager CV8000 high-throughput cellular imaging and discovery
system (Yokogawa). Bright�eld, Alexa Fluor 647 (ex 640; em 676/29
nm), WGA (ex 561; em 600/37 nm), and Hoechst 33342 (ex 405, em
445/45 nm) were captured by a 20x objective. All images were post-
processed and analyzed using Columbus software version 2.7.1
(Perkin-Elmer) and ImageJ software.

siRNA treatment and cell viability assay

siRNA transient transfection was performed using jetPRIME trans-
fection reagent (Polyplus) following the manufacturer ’s protocol.
For siRNA treatment, B38 cells were seeded in a 96-well plate

(PerkinElmer) at 2 × 104 cells/well 1 d before transfection. CFTR
Human siRNA Oligo Duplexes (Origene) variants in 10 and 50 nM
concentrations were used for CFTR knockdown. Rab5 (RAB5A) and
RAB11 Human siRNA Oligo Duplex (Origene) were used in 10 and 50
nM concentration for RAB5/11 knockdown. Transfection with a Uni-
versal Scrambled Negative Control siRNA (Origene) was used as a
control. Cells were transfected for 48 or 72 h, followed by lytic and
extracellular assay detection of CFTR levels. To exclude siRNA cell
cytotoxicity an MTS assay was performed with a CellTiter 96 AQueous
One Solution Cell Proliferation Assay (Promega) according to
the manufacturer ’s protocol. The relative cell viability (%) was
calculated as (Asample ŠAbackground)/(Acontrol ŠAbackground) × 100%.
The absorbance from the corresponding cell-free conditions was
used as background.

Brefeldin A treatment

B38 cells were seeded in the same manner as for siRNA treatment.
Cells were treated for 6 h with Brefeldin A (Sigma-Aldrich) in
concentration ranging from 1.56 to 25 � M followed by lytic, extra-
cellular, and MTS assays.

Statistical analysis

Statistical signi� cance was calculated using one-way ANOVA—Tukey’s
test, ns = nonsigni� cant, *P � 0.05, **P < 0.005, ***P < 0.001, using
GraphPad Prism 8.0 software. In all tests, aP-value equal to or less
than 0.05 was considered to be signi� cant.

Data Availability

The data that support the �ndings of this study are available from
the corresponding author upon reasonable request.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202302045.
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Visualization of Sentinel Lymph Nodes with Mannosylated 
Fluorescent Nanodiamonds

Klaudia Kvakova, Martin Ondra, Jiri Schimer, Milos Petrik, Zbynek Novy, 
Helena Raabova, Marian Hajduch,* and Petr Cigler*

The present study focuses on the development of a sensitive and speci�c 
approach for the visualization of sentinel lymph nodes draining the tumor 
using ultrabright ���-nm �uorescent nanodiamonds (FNDs) equipped with 
a designed targeting surface architecture. The FNDs with a narrow size 
distribution are isolated by di�erential centrifugation, colloidally stabilized 
with alkyne-functionalized poly(glycerol) and modi�ed with a polyvalent array 
of mannose (FND-p-Man). In vitro experiments demonstrate an outstanding 
increase of the particle internalization by the mannose receptor CD��� (MR) 
and no signi�cant toxicity. MR involvement is con�rmed by blocking ligand 
binding with mannan and a ��.��mAb (speci�c anti-MR) in J���A.� mouse 
macrophage cell line. In vivo mouse experiments con�rm increased retention 
of FND-p-Man in sentinel lymph nodes of both healthy and B�� melanoma 
bearing animals. These results suggest that FND-p-Man has potential as a 
tracer for lymph node visualization in locoregional perioperative cancer diag-
nostics and as a tool for endoscopic/robotic �uorescence-guided surgery.
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resection. Incomplete resection results in 
frequent local and/or distant cancer recur-
rence and it is usually due to positive sur-
gical margins and/or tumor metastases 
into local lymphatics. Complete resection 
is required for good therapeutic outcomes 
in most cancers, which includes free 
resection margins proved microscopically 
and nodal dissection. Unfortunately, the 
macroscopic assessment of tissues cur-
rently used during surgery is technically 
not sensitive enough to identify miliary 
tumor residues, micrometastases, and/or 
tumor cells invading beyond the surgical 
margins or metastasizing into regional 
lymph nodes. Therefore, it is essential 
to develop new diagnostics for improved 
clinical practice in this �eld. The current 
standard for surgical care of melanoma 
and breast cancers is sentinel lymph node 
(SLN) biopsy.[�] The SLN is the �rst lymph 

node receiving lymphatic drainage from a tumor. Currently, 
the SLN for a given tumor is determined by injecting a com-
pound with a tracer around the tumor. The mixture is drained 
through the lymphatic vessels to the sentinel node and thereby 
provides a contrast for identi�cation.[�]  The techniques used, 
which have been approved by the FDA,[�]  are �) intraoperative 
visual blue dye detection; �) preoperative planar lymphoscin-
tigraphy that may be combined with intraoperative gamma 
probe/Geiger meter-detection; �) detection systems using mag-
netic nanoparticles (recently developed); and �) intraoperative 
�uorescence-guided surgery.

SLN biopsy is most commonly performed with a dual-
modality technique based on a combination of radioactive 
tracer and blue dye. Radioactive tracers (mostly colloids radiola-
beled with Technetium-��m) are used to track lymph drainage 
of the breast.[�]  A small amount of the radioactive tracer is 
injected into the a�ected tissue around the breast tumor before 
surgery. The tracer is drained into SLNs by the lymphatic 
system. The nodes containing the radioactive tracer are local-
ized during surgery by using a hand-held probe dedicated for 
gamma radiation detection and are removed for examination. 
Since the tracer is radioactive, the injection is usually carried 
out in a nuclear medicine department, which is not available 
in every hospital. Due to the higher costs of radiotracers com-
pared to other lymphatic mapping agents, their applications 
are generally limited.[�]  The radioactive tracer is usually used 
in combination with a blue dye, which allows the surgeon to 

The ORCID identi�cation number(s) for the author(s) of this article 
can be found under https://doi.org/��.����/adfm.���������.

�. Introduction

Despite recent advances in therapeutic approaches, surgery 
remains the primary tool for the treatment of solid tumors 
and, in many cases, the only hope for a cure. However, in 
numerous cases, surgical removal is not as complete as would 
be required. This situation is termed an incomplete surgical 
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identify the nodes visually. Current blue dye tracers also exhibit 
low sensitivity, and systemic allergic reactions to blue dyes have 
been observed.[�]  Furthermore, highly sensitive gamma probe 
detection requires the exposure of patients and health care pro-
fessionals to radiation, and it has only limited spatial resolution 
and visual inspection potential.[�]

Fluorescence imaging is a noninvasive technique that can 
allow visualization of biological processes in a living organism. 
It is characterized by high sensitivity, low background and 
a high signal-to-noise ratio. Nevertheless, the penetration of 
photons into living tissue and the return of photons emitted 
by the �uorophore in the visible range are limited to a few 
hundred microns due to scattering and absorption by tissue 
components. Innovative near-infrared (NIR) range �uorescence 
is expected to enhance the detection of SLNs during surgery, 
enabling the use of minimally invasive devices such as lapa-
roscopes, endoscopes and surgical robots (required imaging 
depths up to ��� cm). However, the spectral properties of cur-
rently approved dyes[�]  have considerably limited the progress of 
endoscopic and robotic surgeries. The most promising agents 
are high-performance NIR �uorescence imaging probes.[�]  
Among the NIR-emitting systems, several inorganic nanopar-
ticles have been investigated for SLN visualization, including 
quantum dots,[�]  metal nanoparticles,[�]  silica nanoparticles,[��]  
and NIR-emitting �uorescent nanodiamonds (FNDs).[��]

FNDs have signi�cant advantages over other NIR nano-
probes due to their unlimited photostability,[��]  almost quan-
titative quantum yield,[��]  inherent biocompatibility,[��]  and 
hemocompatibility.[��]  FNDs do not show liver toxicity, systemic 
in�ammation, or deleterious e�ects on the o�spring. [��]  The 
NIR �uorescence of FNDs originates from nitrogen-vacancy 
(NV) centers, point defects in the diamond lattice created by 
irradiation with high-energy particles and annealing.[��]  NV 
centers show favorable properties for �uorescence imaging[��–��]  
such as much longer radiative lifetime (���� ns) compared to 
other endogenous and exogenous �uorophores commonly 
used in biological imaging (with lifetimes typically �–�� ns).[��]  
A unique electronic structure of NV centers enables quantum-
based optical sensing in biological systems.[��]  Other color 
centers in diamonds can also be formed from nitrogen impu-
rities, such as the H� center (also called the NVN center) that 
provides bright green emission.[��]  Thus, FNDs can be used 
as sensitive and speci�c �uorescent probes for bioimaging. 
Recent advances in imaging research show that FNDs are suit-
able for long-term tracking of various cell types, such as stem 
cells, neurons, and cancer cells, which can be further used for 
monitoring disease stages.[��]  For precise targeting of FNDs to 
speci�c cell types,[��–��]  coatings with biocompatible polymers 
have been developed.[��–��]  Shape-based modulation of cellular 
uptake and excretion of FNDs has recently been described.[��,��]  
Overall, FNDs are highly promising inorganic nanoparticles for 
in vivo bioimaging[��,��,��]  due to their low toxicity, high tissue 
biocompatibility, photostability, and �exible surface chemistry.

Lymph nodes are small, round or bean-shaped clusters 
of cells containing di�erent subsets of white blood cells, pre-
dominantly lymphocytes and macrophages (M�s) that have 
speci�c functions and express various receptors on their sur-
faces. Mannose receptor (MR; CD���), a member of the C-type 
lectin superfamily, is a receptor that is abundantly expressed 

in lymphatic M�s. [��]  CD��� is involved in several distinct 
processes, such as antigen processing and presentation, cell 
migration, intracellular signaling, and phagocytosis.[��,��]  MR 
recognizes a wide range of endogenous and exogenous ligands, 
namely, glycoprotein hormones with sulfated carbohydrate 
chains,[��,��]  pathogenic microorganisms with polysaccharides 
decorating surfaces and cell walls,[��]  monosaccharides or oli-
gosaccharides with terminal mannose, N-acetylglucosamine or 
fucose residues.[��,��]  Since mannose is one of the activators of 
MR-mediated internalization, MR has been previously targeted 
for SLN mapping with various mannose-coated molecular 
agents.[��,��]  Several di�erent studies have led to results showing 
improved uptake of nanoparticles by M�s after mannosylation 
compared with nonmannosylated nanoparticles.[��,��]

Here, we report the sensitive visualization of mouse lymph 
nodes using ultrabright ���-nm FNDs equipped with a 
designed targeting surface architecture. We provide protocols 
for the isolation of ���-nm nanodiamonds exhibiting a narrow 
size range, their electron irradiation and colloidal stabilization. 
We developed a modi�cation of the polymer periphery leading 
to a polyvalent display of mannose on the particle interface. We 
demonstrated that this approach has a bene�cial e�ect on the 
retention of FNDs in mouse SLNs. The retention of FNDs is 
ligand speci�c and is caused by selective targeting of the CD��� 
receptor. Our visualization conditions and the high bright-
ness of the ���-nm FNDs demonstrate the feasibility of our 
approach for intraoperative locoregional cancer diagnostics, 
which is a key approach for image-guided surgery.

�. Results and Discussion

�.�. NDs (����nm) with a Narrow Size Distribution Were Used 
as Bioimaging Probes

For advanced in vivo imaging applications, ����-nm FNDs 
prepared by high-pressure high temperature (HPHT) process 
have been most frequently employed[��,��,��,��–��]  (as previously 
reviewed[��–��] ). However, the relatively low brightness and the 
corresponding low signal/noise ratio of ���-nm FNDs still rep-
resent an important factor limiting broad application for in 
vivo imaging. To suppress the undesirable optical background, 
sophisticated approaches based on magnetic modulation of 
�uorescence intensity[��–��]  and time gating[��]  have been elabo-
rated. However, these methods require specialized instrumen-
tation, which is not commonly available. The low brightness of 
FNDs for in vivo bioimaging is thus sometimes overcome by 
attachment of molecular �uorescent probes to NDs.[��]

In this study, we report biocompatible, highly colloidally 
stable ����-nm HPHT FNDs that provide ultrabright two-
color emission in both the near-infrared (NIR) and visible spec-
tral regions. Upon excitation with green (����nm) and orange 
(����nm) light, the FNDs emit in the ���-����nm region; exci-
tation with blue light (����nm) results in green (���–����nm) 
emission, which can be utilized in parallel for independent 
FND spectral detection (Figure��A). The excitation-dependent 
presence of two spectral colors is caused by presence of two 
types of point lattice defects in FNDs: NV– centers (NIR emis-
sion) and H� centers (green emission).[��]  The high brightness 
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of our newly developed FNDs is caused mainly by their larger 
volume, which accommodates a higher number of NV centers 
and decreases the in�uence of the particle surface.[��,��]  A com-
parison of ����- and ����-nm FNDs shows that both particles 
fall in the range representing the best compromise between 
e�cient and fast lymphatic drainage and satisfactory retention 
in the sentinel lymph node (i.e., ���–����nm). [��]  Nevertheless, 
the increase of FND diameter from ��� to ����nm (used in this 
work) results in an increase in volume by a factor of ��.� (for a 
spherical model). This e�ect is proportionally re�ected in the 
�order of magnitude increase in particle brightness and the 
bioimaging performance.

Since the size of the nanoparticles is a crucial parameter 
in�uencing interactions with biological environments, we �rst 
prepared NDs with narrow size distributions. After di�erential 
centrifugation of a colloidal solution containing a commercial 
polydisperse ND sample (Scheme S�, Supporting Information), 
we obtained six fractions (i–vi). The fractions showed gradually 

increasing mean ND sizes ranging from ��� to ���� nm (for 
transmission electron microscopy (TEM) and dynamic light 
scattering (DLS) data, see Figures S� and S�, Supporting Infor-
mation, respectively). Although this approach was relatively 
laborious, we succeeded in removing the fraction with smaller 
NDs and realized gram-scale preparation of monodisperse 
����nm NDs (fraction vi) in a high yield (���%). The loss of the 
starting material was mainly caused by removing the smaller 
nanoparticles. Irradiation of these NDs using electrons and 
subsequent annealing and oxidation[��]  provided ultrabright 
two-colored FNDs (Figure��A).

�.�. Polymer Coating and Colloidal Stabilization 
of ����-nm FNDs

A typical limitation of FNDs in biomedical applications is 
their poor colloidal stability in bu�ers and biological �uids. 

Figure �.  A) Photoluminescence spectra of FNDs showing the presence of both NV and H� (NVN) centers in FNDs (�ex������ and ����nm, respec-
tively). B) Preparation of FNDs, FND-p, and FND-p-Man. C) Comparison of colloidal stabilities of the largest isolated FND fraction vi, before (FND) 
and after polymer coating (FND-p) and after attachment of mannose (FND-p-Man). The samples were measured by DLS in water (w) and in an extreme 
ionic environment of ��� concentrated PBS bu�er (��� PBS).
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Although oxidized FNDs are stable in water, in biological liq-
uids containing salts such as bu�ers, cell media, and blood, 
they immediately aggregate.[��,��,��]  The diamond surface 
also binds proteins that can subsequently block the interac-
tions of moieties attached to FNDs with their targets.[��–��]  For 
applications in targeted bioimaging, polymer coatings are fre-
quently used to improve FND stability.[��]  Here, we utilized a 
densely packed branched poly(glycerol) (PG) interface that 
enabled further postpolymerization modi�cation.[��]  In addi-
tion to the strong steric colloidal stabilization e�ect of PG on 
nanoparticles, this biocompatible polymer provides antifouling 
properties, long plasma half-lives and prolonged circula-
tion in blood.[��]  We grew PG shells from oxidized, negatively 
charged FNDs with carboxylate surfaces using ring-opening 
polymerization of glycidol at ���� � C. Then, we decorated the 
PG shell with alkyne groups upon copolymerization with gly-
cidyl propargyl ether,[��,��]  providing an FND-p sample suit-
able for bioorthogonal modi�cations using copper(I)-catalyzed 
azide-alkyne cycloaddition (Figure� �B). FND-p contained �% 
polymers, as determined by thermogravimetry, and showed a 
characteristic signature in the FTIR spectrum (Figure S�, Sup-
porting Information). Upon coating, the hydrodynamic diam-
eter of the particles, measured by DLS in water, increased 
slightly and as expected from ����� ���nm up to ���� � ���nm. We 
note that other polymerization approaches originally developed 
for smaller FND particles did not work well for ����-nm FNDs. 
For example, a methacrylated silica interlayer suitable for 
radical polymerization[��–��]  did not provide su�cient colloidal 
stabilization of the ����-nm particles during polymerization 
(data not shown). Correspondingly, to the best of our knowl-
edge, no study has shown colloidal stabilization of FNDs with 
diameters larger than ����nm.

To test the colloidal endurance of nanoparticles for bio-
applications, we used an extreme ionic environment con-
taining ��� concentrated PBS bu�er (�.��� � solution of NaCl 
in ���� �� �� �� � � phosphate bu�er). The alkyne-modi�ed PG 
shell robustly stabilized the FND-p. While no aggregation 
was observed after transfer of FND-p from water to ��x PBS, 
“naked” FNDs showed rapid aggregation in the bu�er followed 
by precipitation (Figure��C).

�.�. Surface Engineering for Targeting MR on Macrophages

MR (CD���) participates in the recognition of branched sugars 
with terminal mannoses that are present on many pathogenic 

microorganisms.[��]  Molecules and nanoparticles displaying 
mannose can thus be actively retained in the SLN by residual 
tissue M�s and by other cells expressing CD���. [��,��]

We designed a polymer interface enabling polyvalent dis-
play of mannose on FNDs. Because our FND-p particles 
contained alkyne moieties, �-D-mannose bearing a hydro-
philic, �exible linker terminated with azide was synthesized 
(�-D-mannose-PEG� -azide; Scheme� �). Using copper(I)-cat-
alyzed azide-alkyne cycloaddition, we decorated FND-p with 
�-D-mannose-PEG� -azide, obtaining FND-p-Man particles 
(Figure��B). The presence of mannose on the surface was mani-
fested by increased intensity of the �(C-O) signal of alcohol 
(Figure S�B, Supporting Information). FND-p-Man showed 
excellent colloidal stability in ��� PBS, similar to unmodi�ed 
FND-p (Figure� �C and Table S�B, Supporting Information). In 
accordance with recent work,[��]  the zeta potential of FND-p was 
���� ����mV. The attachment of mannose caused steric shielding 
of the PG layer, which increased the zeta potential to a value 
close to zero and slightly increased the particle sizes in fetal 
bovine serum (Table S�A, Supporting Information).

�.�. Cell Viability (MTS Assay) and Dual Imaging 
of FND-p/FND-p-Man Internalization

To con�rm the lack of FND cytotoxicity, as previously reported 
for smaller particles,[��,��]  and to further investigate whether 
coating and mannosylation a�ect the biocompatibility of FNDs, 
the cytotoxicities of FND-p and FND-p-Man were determined 
by the cell viability (MTS) assay. The J���A.� mouse mac-
rophage tumor cells were used as a cellular model to investigate 
the cytotoxicity and internalization. The J���A.� cell line was 
chosen as the model due to its variable surface expression of 
functional MR among cells, closely mimicking MR expression 
among various types of M�s in lymph nodes.[��,��]  We treated 
J���A.� cells with increasing concentrations of FND-p/FND-p-
Man. Evaluation of MTS results revealed no signi�cant e�ect 
on cell viability at concentrations �–���� �g�mL ��  FND-p/FND-p-
Man after ���h of incubation, con�rming the cytocompatibility 
of our FNDs (Figure��A and Table S�, Supporting Information).

Further, we performed confocal �uorescence microscopy 
imaging to examine FND uptake and evaluate the e�ect of 
mannosylation on FND-p-Man internalization. Low concen-
trations of FND, as previously reported,[��]  were tested to 
avoid an abundance of noninternalized FNDs in the medium 
during live imaging. We also assumed that the larger sizes of 

Scheme �.  Reaction scheme showing the synthesis of �-D-mannose PEG� -azide
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FND-p/FND-p-Man improve uptake and visualization in J���A.� 
cells. Indeed, after ��� h of treatment, a noticeable increase in 
the internalization of FND-p-Man was observed compared with 

that of FND-p (detailed analysis of FND internalization is in the 
in vitro live imaging section) (Figure��C). We were able to visu-
alize the two-color emission of FND-p-Man after internalization 

Figure �.  Viability of J���A.� cells and internalization/two color emission of FNDs. A) The e�ect of FND on cytotoxicity was measured by MTS assay 
after ���h exposure of cells to di�erent concentrations of FND-p and FND-p-Man (�–�����g�mL �� ) (mean���SD). p-values were calculated using one-
way ANOVA—Dunnett’s test. B) Confocal microscopy images of J���A.� cells treated with FND-p and FND-p-Man (both ����g�mL �� ) for ���h (green 
channel: ex ���/em ���� �����nm, red channel: ex ���/em ���� �����nm); n����. Scale bar: ���� �m.

Figure �.  Internalization of FND-p and FND-p-Man in J���A.�. A) Live-cell imaging (bright �eld and red channel merged) of FND-p and FND-p-Man 
internalization (both ��� �g�mL �� ). B) Localization of FND-p-Man in J���A.� cells after ���h. C) Statistical analyses of spot numbers per cell (mean���SD) 
after nanoparticle uptake over time; n����. p-values were calculated using two-way ANOVA—Tukey’s test, * p����.��, **p� ���.���, *** p� ���.���, **** 
p����.����. Scale bars: (A) and (B) ��� �m.
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and accumulation (��� �g� mL �� ) upon excitation with two dif-
ferent lasers providing green (ex ���/em ���� �����nm) and red 
(ex ���/em ���� �� ���nm) emission (Figure��B). Di�erent con-
centrations of FND-p/FND-p-Man were studied with confocal 
microscopy (see Figure S�, Supporting Information).

�.�. In Vitro Live Imaging of FND-p/FND-p-Man Internalization

Live imaging by confocal �uorescence microscopy with nanom-
eter resolution is one of the approaches used for both in vitro 
and ex vivo imaging[��–��]  of nanoparticle–cell interactions and 
their cellular internalization over time. The focus was on only 
one (red) of the two emission spectra available for visualiza-
tion of FNDs, as con�rmed in the previous section. We treated 
J���A.� cells with FND-p and FND-p-Man (both at ��� �g�mL �� ) 
to determine the e�ects of the mannose polymer interface on 
FND internalization. Signals detected by confocal microscopy 
in the red channel (em ���� �� ��� nm) represented FND-p or 
FND-p-Man accumulation in J���A.� cells (Figure� �A,B). We 
detected spots for FND-p-Man after ��h incubation but almost 
none for FND-p. Live-cell confocal imaging of FND uptake 
showed accumulation and signi�cantly better uptake after � h 
(p��� �.���), ��h (p� �� �.����) and ���h (p� �� �.����) for FND-p-
Man compared with FND-p. FND-p was also internalized, but 
the uptake was slower and the number of spots was very low, 
close to signal background. The average numbers of spots per 
cell after ���h were ��.��� ���.�� for FND-p-Man, �.��� ���.�� for 
FND-p and �.��� ���.�� for control cells (Figure��C and Table S�, 
Supporting Information). As expected, the quantitative uptake 
of mannose receptors expressing J���A.� cells demonstrated 
a strong increase in internalization of FND-p-Man compared 
with nonmannosylated FND-p. We did not observe any accu-
mulation of FND-p or FND-p-Man on the cell membrane prior 
to internalization (Video S�, Supporting Information), which is 
in agreement with previously published results with smaller, 
�����nm, FNDs. [��]

�.�. Inhibition of FND-p-Man Internalization Mediated by MR

CD��� and its carbohydrate recognition domains (CRDs) are 
responsible for the binding of monosaccharides such as man-
nose, fucose, and GlcNAc. Not only monosaccharides but also 
branched sugars (oligosaccharides, polysaccharides) that bear 
the terminal residues mentioned above bind to CRDs.[��,��]  
Branched sugars bind to MR more e�ectively than monosac-
charides and can in fact be used as competitive inhibitors for 
MR.[��]  Another way to inhibit MR function is by using neutral-
izing antibodies.[��,��]  To further con�rm the speci�c e�ects and 
advantages of the mannose polymer interface on FND uptake, 
we designed an inhibition assay to prove internalization of 
FND-p-Man by MR. In the current investigation, mannan at 
��mg�mL ��  and ��.��mAb at ��� �g�mL ��  were used according 
to previously published protocols for MR inhibition.[��,��,��]  
We detected a signi�cant decrease in the number of spots per 
cell after �–�–��� h of live-cell imaging, either after ��� min of 
mannan pretreatment (p��� �.����, p� �� �.����, p� �� �.����) or 
with ��.�� mAb neutralizing antibody (p� �� �.����, p� �� �.����, 

p� �� �.����) (Figure� �A,B and Table S�, Supporting Informa-
tion). Overall, the mannose analog mannan decreased the 
average number of spots by ���% (�.��� �� �.��� spots per cell) 
and neutralizing ��.��mAbs by ���% (�.��� ���.���spots per cell)  
after ��� h of treatment with FND-p-Man compared with cells 
treated with only FND-p-Man (��.��� �� �.��� spots per cell). 
Therefore, this suggests that internalization was mannose 
receptor mediated. The same detection algorithm was used in 
the Columbus software for the detection of spots, as mentioned 
above. In addition, we tested � di�erent epithelial cell lines 
(��HBE��o-, A���, HCT���, HEK���T) lacking MR expression 
to further prove MR involvement in FND-p-Man internaliza-
tion. In general, multiple pathways simultaneously contribute 
to non-speci�c endocytosis in epithelial cell despite they are 
not professional phagocytes.[��,��]  However, we observed min-
imal or no internalization of FND-p-Man in these cell lines 
(Figure S�, Supporting Information). This further con�rms 
speci�c involvement of MR in FND-p-Man internalization.

�.�. In Vivo Imaging of FNDs

The accurate perioperative identi�cation followed by micro-
scopic examination of regional lymph nodes (LNs) has impor-
tant therapeutic and prognostic value in patients with newly 
diagnosed cancer. Conventional intraoperative SLN localization 
is usually based on the combination of dedicated radiotracers 
and blue dye techniques. However, this technique has several 
drawbacks. Thus, new methods for SLN visualization, such 
as indocyanine green �uorescence, liposomes, dendrimers, 
quantum dots, superparamagnetic iron oxide nanoparticles and 
contrast-enhanced ultrasound microbubbles, have been devel-
oped.[��–��]  Promising agents for SLN visualization include NIR 
�uorescent imaging tracers.[��–��]  Despite these achievements, 
new standards of care for SLN identi�cation are still missing.

Fluorescent properties combined with inherently good bio-
compatibility makes FNDs good candidates for future SLN 
imaging. Indeed, there are already several published reports 
on FNDs biocompatibility and biodistribution indicating low or 
absent in�ammatory responses in vivo.[��,��]

To evaluate the applicability of FNDs as NIR �uorescence 
imaging tracers for SLN imaging, we utilized an established in 
vivo mouse model. First, we investigated whether FNDs were 
drained by the lymph from the animal footpad and accumu-
lated in the regional lymph nodes. The mouse hind footpad 
is a convenient and standard injection site for immunological 
studies.[��,��]  The path of draining lymph from the footpad is 
well characterized and provides three lymph node locations 
for analyses of immunological response (i.e., popliteal, sub-
iliac and inguinal). We injected two groups of healthy Balb/c 
mice with either FND-p or FND-p-Man. Fluorescence imaging 
of FNDs in mice showed clear accumulation of both FND-p-
Man and FND-p in popliteal lymph nodes after s.c. injection 
into the hind paw. The �uorescence signal intensities in experi-
mental popliteal lymph nodes (�.������ � ����.�� ���� � �P�s�� �mm��  
for FND-p-Man and �.�� ���� � ����.�� ���� � �P�s�� �mm��  for FND-p) 
were signi�cantly (p� �� �.����) higher than those in control 
popliteal lymph nodes for both FNDs (�.���� �� � � �� �.�� �� �� �  
and �.�� �� �� � � �� �.�� �� �� � � P� s�� �mm�� , respectively) (Figure��). 
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The target-to-nontarget lymph node ratios were �.� for FND-
p-Man versus �.� for FND-p, indicating superior contrast with 
FND-p-Man.

Second, we used a murine footpad melanoma (B��-F�� 
cell line) model, which is a common model for studying 
lymphangiogenesis associated with murine cancer metas-
tasis.[���–���]  Harrell et�al.[���]  reported that B�� tumors induced 
lymph node lymphangiogenesis and increased lymph �ow 
through tumor-draining lymph nodes, suggesting that these 
alterations could actively promote lymphatic metastasis of 
melanoma cells to draining lymph nodes and subsequently 
to the lungs. To demonstrate the utility of the tested FNDs 
for SLN imaging in an established tumor mouse model, we 
evaluated both FND-p and FND-p-Man in C��BL/� mice with 
the B��-F�� melanoma. In tumor-bearing animals, results 
similar to those for healthy mice were obtained, although 
both types of FNDs displayed lower contrasts compared 
to those for healthy animals. Necropsy at ��� h after FND 
injection revealed that the experimental popliteal lymph 
nodes (�.�� � � �� � � � � �.�� � � �� � �P�s� � �mm� �  for FND-p-Man and 
�.�� � � �� � � � � �.�� � � �� � � P� s� � � mm� �  for FND-p) exhibited more 
intense �uorescence (FND-p-Man p�� ��.���) than the control 

nodes (�.�� � ��� � �� ��.�� � ��� �  and �.�� � ��� � �� ��.�� � ��� � �P�s� � �mm� � ,  
respectively) (Figure�� ). The target-to-nontarget lymph node 
ratios in the tumor model were �.� for FND-p-Man versus 
�.� for FND-p. Importantly, neither whole body �uorescence 
imaging nor inspection of organs post mortem did not reveal 
distribution of FNDs outside the site of administration and 
regional lymph nodes.

�.�. Histological Analyses of Sentinel Lymph Nodes

The histological analysis of LNs is necessary to precisely localize 
the capture sites for both exogenous and endogenous lymph 
antigens. LNs, kidney-shaped small encapsulated bodies, can 
be morphologically subdivided into three main compartments, 
the cortex, the paracortex and the medulla, and each compart-
ment contains speci�c types of immune cells with various 
functions.[���,���]  E�cient uptake of lymph-borne antigens is 
mediated by di�erent subsets of LN macrophages. Subcapsular 
sinus macrophages are at the frontline of immune protection 
and control lymph �owing by a�erent lymph vessels to the LNs 
and trap and present antigens to B cells.[���–���]

Figure �.  Inhibition of FND-p-Man internalization. A) Confocal microscopy images of MR inhibition by mannan (��mg�mL�� ) and ��.��mAb (��� �g�mL �� ). 
Zoomed-in insets at �� magni�cation (zoomed-in factor) after ���h. B) Statistical analyses of FND-p-Man inhibition (mean���SD); n����. p-values were 
calculated using two-way ANOVA—Tukey’s test, * p����.��, ** p� ���.���, *** p� ���.���, **** p� ���.����. DPC—digital phase contrast. Scale bar: ���� �m.
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To further con�rm and localize the site of FND retention, we 
excised negative LNs (control LNs) and popliteal LNs from four 
tumor-bearing animals injected either with FND-p or FND-p-
Man. After counterstaining with neutral red, the presence of 
FNDs was manifested by dark spots in light microscopy. We 
observed dark coloration primarily in the subcapsular sinus 
of LNs of animals injected with either FND-p or FND-p-Man, 
whereas we did not observe any dark spots in negative con-
trol LNs (Figure��). Correspondingly with in vitro uptake data 
(Figure��), we found a higher number and larger dark spots in 
animals injected with FND-p-Man than in those injected with 
FND-p. We con�rmed superior retention of FND-p-Man in 
the LN subcapsular sinus, where phagocytic subcapsular sinus 
macrophages are localized. This observation also supports the 
results obtained from the in vivo imaging experiments, where 
LNs from animals treated with FND-p-Man showed higher 
contrast than LNs from animals treated with FND-p. Notably, 
the accumulation of FND-p/FND-p-Man in SLNs was not 
associated with a local in�ammatory response.

�. Conclusions

In summary, we demonstrated locoregional optical visualiza-
tion of SLNs in mice using biocompatible, photostable and 
colloidally stable FND-p-Man nanoparticles. FND-p-Man was 
efficiently internalized and retained in SLNs and was easily 
traceable. In vitro experiments showed no cytotoxicity and 
confirmed the effect of polyvalent mannosylation of FNDs 
on uptake and retention in M� s. Overall, we detected sig-
nificant differences between FND-p and FND-p-Man uptakes 
due to mannosylation. In contrast to those of FND-p-Man, 
internalization of FND-p was significantly lower, suggesting 
that the mannose receptor is crucial for internalization. 
The involvement of the mannose receptor was further con-
firmed by blocking the cellular uptake of FND-p-Man with 
a selective receptor neutralizing mAb antibody and ligand 
competition.

In vivo experiments con�rmed the advantage of mannose 
for increased retention in the LNs of healthy and tumor-bearing 

Figure �.  A) Fluorescence images of mice injected into the hind right paw (white arrow indicates a site of injection) with FND-p or FND-p-Man ���h 
p.i. B) Excised popliteal LNs from �ve animals injected with either FND-p or FND-p-Man (n����).
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animals ���h after the injection of FNDs. We successfully dem-
onstrated that FNDs could be used for selective �uorescence-
guided visualization of lymph nodes. We used imaging condi-
tions similar to those that can be achieved in clinical surgery as 
the �eld of view was opened. Such a setting leads to much lower 
background noise, which is normally generated by tissue/skin 
auto�uorescence and light scattering. Notably, our nanoparticle 
preparations did not require any special storage conditions and 
showed a long shelf life (�� year). Based on recent progress in 
FND preparation,[���,���]  FND-p-Man can be considered a low-
cost nanomaterial for future development.

A general concern for �uorescence imaging using nanopar-
ticles centers around retention of the nanoparticles in the body 
and their slow excretion rate. In our case, this issue is largely 
eliminated because of the accumulation of FND-p-Man in the 
LN, which would be surgically removed with tumor and sur-
rounding tissues shortly after administration. In addition, 
FND-p-Man can likely be used in individuals with allergy or 
immunosensitivity to the most commonly used nanomate-
rials due to PEG coatings. Based on the results obtained, we 
believe that FND-p-Man is a promising tracer of SLNs during 

endoscopic/robotic �uorescence-guided surgeries and may �nd 
broader biomedical applications in near future.

�. Experimental Section
FND-p/FND-p-Man Preparation: Chemicals: Sodium hydroxide, 

nitric acid (��%), and copper(II) sulfate pentahydrate were purchased 
from Penta (Czechia); hydro�uoric acid, glycidol, amino-guanidine 
hydrochloride, ethyl acetate, hexane, sodium sulfate, and boron 
tri�uoride etherate purchased from Sigma Aldrich (Czechia); 
HO-PEG� -N�  was purchased from Broadpharm; glycidyl propargyl 
ether was purchased from TCI Chemicals; L-sodium ascorbate was 
purchased from Alfa Aesar; HEPES was purchased from GENChem; 
D-mannose was purchased from Acros Organics; Ac� O was purchased 
from Lachner; BTTP was purchased from Click chemistry tools. All the 
chemicals were p.a. quality and were used as received without further 
puri�cation except of glycidol and glycidol propargyl ether which were 
always freshly redistilled before use (for conditions see below). Water 
used for all operations with NDs was puri�ed using a Milli-Q system.

Instruments: Equipment used and sources include a furnace 
(Nabertherm P ���), Zetasizer Nano ZS (Malvern), Multimode 
Microplate Reader Spark (Tecan), Transmission Electron Microscope 
JEM-���� (JEOL), Infrared Spectrometer Nicolet ���� (Thermo Scienti�c), 

Figure �.  A) Fluorescence images of popliteal LNs excised ���h p.i. from four B��-F�� tumor-bearing animals. Negative LNs versus positive LNs 
(injected either with FND-p or FND-p-Man). B) Statistical analysis of �uorescence intensity representing the accumulation of FND-p or FND-p-Man in 
excised popliteal lymph nodes (mean���SD, n����). p-values were calculated using unpaired two-tailed Student’s t-test; ns—not signi�cant, **p����.���.

Figure �.  Representative images of experimental popliteal lymph nodes excised ���h p.i. from tumor-bearing animals. A) Negative control, B) animal 
injected with FND-p, and C) animal injected with FND-p-Man. Light microscopy images, ��� magni�cation objective. Lymph nodes were counter-
stained with neutral red; blue arrows represent accumulation of FND-p or FND-p-Man in the subcapsular sinus; n��� �. There was no evidence of 
in�ammatory response due to nanoparticle accumulation in SLNs.
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Thermobalance TG��� (Stanton-Redcroft), High-resolution Mass-
spectrometer with LTQ Orbitrap XL (Thermo Scienti�c), NMR (Bruker 
Avance I ����MHz equipped with Cryoprobe), Sigma Centrifuge �–���KS 
(����� swinging rotor; �����-H �xed angle rotor), Ultrasonic Processor 
Cup Horn and Sonication Probe (Cole-Parmer).

�-D-mannose-PEG� -azide (compound �) was prepared according 
to a published procedure.[���]  First, �/�-D-mannose pentaacetate 
(compound �) was synthesized: �.��g of D-mannose (�.���mmol, �.��eq, 
Acros organics) was suspended in ��� mL of dry pyridine and cooled 
to �� �C. Ten milliliters of Ac� O (����mmol, �.��eq) was added dropwise 
over ��min. The reaction was left to warm to RT, at which point it was 
left for an additional �� h. The remaining unreacted acetic anhydride 
and pyridine were removed by rotary evaporation, and the residue 
was dissolved in EtOAc (���� mL) and washed three times with water 
(�� �� ����mL). The organic layer containing the product was dried over 
anhydrous Na� SO� , �ltered and evaporated to yield the �nal product 
(�/� ratio was �:�) in almost quantitative yield (�.��g, ��%). The product 
was used in the next synthetic step without any further puri�cation. The 
NMR and MS spectra were identical to published spectra.[���]

The next step involved the synthesis of �-D-mannose tetraacetate-
PEG� -azide (compound �): ����mg of compound � (�.���mmol, �.��eq) 
was dissolved in ��� mL of dry DCM. Then, ���� mg of HO-PEG� -N�  
(�.��� mmol, �.�� eq, Broadpharm) was added in one portion, and 
the whole mixture was cooled to ���C. A total of ���� �L of BF� -Et� O 
(�.��mmol, �.��eq) was slowly added in dropwise fashion over ���min. 
The reaction mixture was left to warm to RT and was left to react for 
two days. After ���h, the whole reaction mixture was evaporated with a 
small amount of added SiO� , and �ash chromatography was performed 
using the following conditions: � � ��% EtOAc in hexane in �.� CV, 
�� � ��% of EtOAc in � CV, ��� g of SiO � . The product eluted as the 
pure compound (TLC Rf� �� �.� in ��% EtOAc in hexane, stained by 
either phosphomolybdic acid solution or permanganate solution). One 
hundred mg of the title compound was obtained (yield ��%). Note: a 
cleaner way to produce the product with a higher yield involved selective 
cleavage of the acetate in position � followed by conversion to the 
trichloroimidate, which was isolated and quantitatively reacted to form �. 
However, only a relatively small quantity of the compound was needed, 
and the synthetic route was signi�cantly faster. �H NMR (���� MHz, 
methanol-d� , �) �.��–�.�� (m, �H), �.�� (d, J� �� �.�� Hz, �H), �.�� (dd, 
J��� ��.�, �.�� Hz, �H), �.��–�.�� (m, �H), �.��–�.�� (m, �H), �.��–�.�� 
(m, ��H), �.��–�.�� (m, �H), �.�� (s, �H), �.�� (s, �H), �.�� (s, �H), 
�.�� (s, �H); �� C NMR (����MHz, methanol-d� , �) ���.��, ���.��, ���.��, 
���.��, ��.��, ��.�� (� signals), ��.��, ��.��, ��.��, ��.��, ��.��, ��.��, 
��.��, ��.��, ��.��, ��.��, ��.��, ��.��, ��.��,��.��, ��.��; HRMS (ESI) 
m/z: [M � Na] �  calcd for C�� H�� O�� N� Na� , ���.�����; found, ���.����� 
(��.���ppm).

The �nal step was the synthesis of �-D-mannose-PEG� -azide 
(compound �): ���mg of � was dissolved in ��mL of dry MeOH. Fifty 
microliters of a freshly prepared ��� solution of sodium methanolate was 
added in one portion (metallic sodium dissolved in methanol, �ltered 
and used immediately). The reaction was checked using TLC after ��h, 
and no starting material was observed. Then, ���� mg of Amberlite 
CG-���-II strongly acidic catex in the H� -cycle was added to quench 
the reaction. The reaction was stirred for �� min, and then the whole 
mixture was �ltered and evaporated. The puri�ed product obtained after 
evaporation was identi�ed using NMR spectra. Note: there are several 
procedures describing quenching of methanolate cleavage; however, this 
one required no work-up and gave the title compound directly. Twenty-
four milligrams of � were isolated upon evaporation and drying (yield: 
�� %). �H NMR (���� MHz, methanol-d � , �) �.�� (d, J��� �.�� Hz, �H),  
�.�� (ddd, J� �� �.�, �.�, �.��Hz, �H), �.�� (m, �H), �.��–�.�� (m, ��H), 
�.��–�.�� (m, �H), �.�� (t, J� �� �� Hz, �H), �.�� (s, �H); �� C NMR 
(����MHz, methanol-d � , �) ���.��, ��.��, ��.��, ��.��, ��.��, ��.��, ��.��, 
��.��, ��.��, ��.��, ��.��, ��.��, ��.��, ��.��; HRMS (ESI) m/z: [M � Na] �  
calcd for C�� H�� N� O� Na� , ���.�����; found ���.����� (-�.��� ppm). The 
�nal compounds were all at least of ��% purity.

ND Pretreatment: NDs were supplied by Microdiamant Switzerland 
(MSY �-�.��, containing ����–����ppm of natural nitrogen impurities). 

The NDs (�.��� g) were �rst oxidized by air oxygen in a tube furnace 
(Nabertherm P ���) at ���� �C for �� h and then wet oxidized in a 
HF:HNO�  �:� v/v stirred mixture (���� rpm) at ���� �C for � days in a 
PTFE container. The acids were removed using centrifugation (����� g, 
��� min), and the NDs were subsequently washed with a mixture of 
HF:HNO� :H� O (�:�:� v/v/v), ��� �C, ��h (��), water (��), �� � NaOH, water 
(��), �� � HCl, water (��) (�����g, ���min), water (��) (�������g, ���min) 
and then lyophilized, providing �.���g of pure oxidized ND (yield ��%).

Size Fractionation of NDs: Puri�ed NDs isolated after oxidation were 
separated according to size using di�erential centrifugation (Scheme S�, 
Supporting Information). A colloidal solution of NDs (���� mg� mL�� , 
�.���g) was loaded into four centrifuge tubes and centrifuged in a �xed 
angle rotor (����� rcf, ���min). The supernatant was centrifuged again 
under the same conditions. The supernatant obtained after the second 
centrifugation was lyophilized, providing fraction i. The pellets from 
the �rst and second centrifugations were redispersed in water using 
cup horn sonication. The resulting colloids were combined, diluted to 
the same total volume used at the beginning (�����mL), loaded into � 
centrifuge tubes and �� centrifuged (���� rcf, ���min). In each of these 
� centrifugations, the supernatant was collected and centrifuged further 
under the same conditions. The supernatant obtained after the series 
of � centrifugations was lyophilized, providing fraction ii. All pellets 
obtained during the centrifugation series were redispersed in water 
by sonication, combined, diluted, loaded into � centrifuge tubes and 
centrifuged again (��) (���� rcf, ��� min). The resulting supernatant 
provided fraction iii. This “��” centrifugation series was repeated twice 
under the same conditions, providing fractions iv and v by lyophilization 
of the resulting supernatants. Redispersed and combined pellets from 
the last centrifugation series were collected, redispersed by sonication, 
lyophilized and designated fraction vi. All resulting fractions were 
lyophilized and analyzed as described below. The yield of fraction vi was 
���� mg (��%). The overall preparation was repeated twice, providing 
similar yields and particle sizes.

Preparation of FNDs: Irradiation and Oxidation: A total of ����mg of 
ND fraction vi (���� nm) isolated during di�erential centrifugation was 
irradiated at elevated temperature[���]  (���� �C) in an external target for 
���h with a ��.��MeV electron beam (�.�� ���� �� �particles�cm�� ) extracted 
from the MT-�� microtron. [��]  After irradiation, the NDs (����mg) were 
annealed at ���� �C for �� h under argon atmosphere and subsequently 
oxidized in air for ��h at ���� �C. The resulting FNDs were wet oxidized 
using a �:� mixture of HF:HNO�  and stirred at ���� rpm, washed and 
lyophilized as described above (“ND pretreatment”), providing ����mg 
of FNDs (yield ��%).

Polymer Coating of FNDs and Mannosylation: Glycidol was distilled 
under reduced pressure (���mbar, ��� � C) and was always freshly distilled 
for each polymerization. Ten milligrams of FND powder was dispersed in 
���� � L of glycidol using a cup horn sonication processor (Cole Parmer) 
in pulse mode with ��s on, ��s o�, and an amplitude of ���% (���min). 
The dispersion was checked by DLS (���� nm), and the polymer shells 
were grown on the FNDs in a pressure tube immersed in an oil bath and 
stirred by a magnetic stir bar (����� C, ����rpm, ��h). After ��h, ���� � L of 
freshly distilled glycidyl propargyl ether (���mbar, ��� � C) was added to 
the reaction mixture, and the reaction was continued overnight under the 
same conditions (molar ratio of glycidol:glycidyl propargyl ether was �:�). 
The obtained polymer-coated FND-p particles bearing terminal propargyl 
groups were washed with MeOH (��) (���mL; ��� ���� rcf; ���min) and 
with water (�� ) (���mL; �������rcf, ���min). Between the washing steps, 
each sample was sonicated twice for ��� s, with an amplitude of ���% 
for the cup horn sonication processor. Puri�ed FND-p was stored as an 
aqueous colloidal solution (��mg, ��mg�mL� � ) at RT.

FND-p was modi�ed with �-D-mannose-PEG� -azide (compound �) 
using an copper-catalyzed azide-alkyne click reaction.[���]  Stock solutions 
for click chemistry were prepared in water, except for BTTP, which was 
dissolved in DMSO. Before addition to the reaction mixture, solutions 
of CuSO� ��H � O and BTTP were premixed (�:� v/v, respectively). 
Reagents were combined in the following order and amounts: FND-p 
(���� �L, ��� mg� mL �� ), D-mannose-PEG� -azide (��� �L, ��� �� �� �� � �), 
premixed solution of CuSO� ��H � O (��� �L, ��� ���� �� ��) and BTTP (��� �L, 
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���� ���� �� ��), aminoguanidine (��� �L, ���� ���� �� ��), and HEPES bu�er 
pH � (���� �L, ���� �� �� �� � �). L-Sodium ascorbate (��� �L, ���� �� �� �� � �) 
was added as the last reagent to initiate the reaction. The reaction was 
allowed to proceed for �.��h at RT without stirring, and NDs were then 
washed �ve times with distilled water and centrifuged after each wash 
at ��� ���� rcf for ���min. The procedure described above resulted in a 
solution of FND-p-Man (���� �L, ����mg�mL �� ), which was subsequently 
stored at RT.

Dynamic Light Scattering: The hydrodynamic particle diameters and 
zeta potentials were measured using a Zetasizer Nano ZS (Malvern 
Instruments). Unless stated otherwise, the samples were measured at 
RT with a concentration of �.���mg�mL��  and a total volume of ��mL. DLS 
was measured in a disposable transparent cuvette. Colloidal stabilities 
of the samples were investigated in water, �� PBS, ��� PBS, and FBS. For 
measurements in FBS, a quartz cuvette ZEN���� tempered at ����C was 
used. Five microliters of ND colloidal solution (�.��mg�mL�� ) was added 
to ��� �L of FBS (viscosity of FBS was �.����cP[���] ). The zeta potentials 
were measured in the dip cell for zeta potential.

Transmission Electron Microscopy: TEM samples were prepared as 
described previously.[���]  Brie�y, carbon-coated copper grids (Pyser) 
were placed into a UV–ozone chamber (UV/Ozone Pro Cleaner Plus, 
Bioforce Nanosciences) for ��� min and then covered with a droplet of 
poly(ethyleneimine) aqueous solution (MW �.��kDa, �.��mg�mL� �). After 
��min, the solution was dried using absorbent paper. The grid was then 
covered with a sample solution droplet (�.��mg�mL� �), and after ��min, 
the excess liquid was removed using absorbent paper. Micrographs were 
taken with a microscope (JEOL JEM ����) at an ���kV acceleration voltage.

Particle size distributions were analyzed using ImageJ software and 
a previously described procedure.[���]  In all cases, at the �rst third order, 
polynomial �tting was applied to remove uneven illumination, and then 
a Gaussian blur (� pixels) �lter was used to remove background noise. 
The threshold was set to create a binary image. Connections of NDs 
caused by thresholding were divided manually with �-pixel width lines 
according to the original images. The number of connected particles 
was small, so this procedure produced a negligible e�ect on the data. 
In total, ���–��� particles per sample were analyzed. Total areas of the 
particles obtained from image analyses were recalculated to produce 
equivalent circular diameters de�ned as

4d S
eq �� 	 (1)

The equivalent diameter is the diameter of a circular particle with the 
same area as the area of the nanodiamond and can be used to calculate 
the particle volume (PV):
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PV was used for the creation of volume-weighed histograms, which 
were then �tted using the log-normal function.

Thermogravimetry: Thermogravimetric analysis was carried out using 
thermobalances (Stanton-Redcroft TG���). Samples (�.�–�.�� mg) were 
placed on platinum pans and heated to �����C at a rate of ��� �C�min��  
under an air purge (���mL�min�� ).

Fourier Transformed Infrared Spectroscopy (FTIR): Spectra were 
recorded on a spectrometer (Nicolet ����, Thermo Scienti�c) using 
a standard MIR source, KBr beam splitter, and DTGS detector, which 
was purged with nitrogen. The KBr pellet (diameter �� mm) contained 
�.��� mg of a sample and ����� mg of KBr. The spectrometer was 
operated in transmission mode: ��� scans, �� cm–� spectral resolution, 
Happ-Genzel apodization function. Recorded spectra were normalized 
based on the ester peak at �����cm–�.

Fluorescence spectra were measured in water using a microplate 
reader (Tecan In�nite M����). Excitation wavelengths were ��� and 
����nm for H� (NVN) centers and NV centers, respectively. The FNDs 
concentration was �.��mg�mL�� .

In Vitro Experiments: Cell Culture: Mouse macrophage tumor 
J���A.� cells (ATCC TIB-��) were purchased from the American Type 

Culture Collection (ATCC). Cells were cultured in complete Dulbecco’s 
modi�ed Eagle’s medium (Lonza) with ��% fetal bovine serum and 
����U/���� �g�mL ��  penicillin/streptomycin (Gibco) and maintained in a 
humidi�ed incubator with �% CO�  at ��� �C.

Cell Viability Assay and Dual Imaging of FND-p/FND-p-Man 
Internalization: To explore FND cell cytotoxicity, an MTS assay was 
performed with a CellTiter �� AQueous One Solution Cell Proliferation 
Assay (Promega) according to the manufacturer’s protocol with a 
small alteration. Brie�y, J���A.� cells were seeded in ��-well plates 
(TPP) at ���� �� � � cells per well and cultured for ���h. The medium was 
completely exchanged for fresh medium with or without FND-p and 
FND-p-Man (�–���� �g� mL �� ). The cells were incubated with FND 
for ��� h before adding MTS solution (�.�� h incubation with MTS at 
��� �C). The absorbance was measured at ���� nm after centrifugation 
(����� rcf, �� min) and transfer of supernatant to a new plate using 
a microplate reader. The relative cell viability (%) was calculated 
as (Asample–Asample background)/(A control–Acontrol background)� �� ���%. The 
absorbance from the corresponding cell-free conditions was used as the 
sample/control background.

For evaluation and dual imaging of FND-p/FND-p-Man 
internalization/phagocytosis, the same protocol mentioned above was 
used for seeding and treatment of cells in a ViewPlate-�� (PerkinElmer). 
Cells were imaged using a Cell Voyager CV���� high-throughput 
cellular imaging and discovery system (Yokogawa). Bright �eld, green 
channel (ex ����nm; em ���� �����nm) and red channel (ex ����nm; em 
���� �� ���nm) spectra were captured by a ��� PH Long W.D. objective. 
All images were postprocessed using Columbus software version �.�.� 
(Perkin-Elmer) and ImageJ software. Maximum �D projections of 
z-stacks are presented.

Live Cell Imaging of FND-p and FND-p-Man Internalization: For 
live-cell monitoring of FND internalization, ���� �� �  J���A.� cells/well 
were seeded in a ViewPlate-�� (PerkinElmer) and cultured for ��� h at 
��� �C under �% CO� . The medium was completely replaced for fresh 
medium with or without FND-p and FND-p-Man (����g� mL �� ) before 
confocal microscopy. Live-cell imaging was performed using a Cell 
Voyager CV���� high-throughput cellular imaging and discovery system 
(Yokogawa) at ����C in �% CO�  for ��� h. Bright-�eld, red channel (ex 
���� nm; em ���� �� ��� nm) and digital phase contrast (DPC) were 
captured by a ��� PH Long W.D. objective or ��� water immersion 
objective. Image quanti�cation for FND-p/FND-p-Man internalization 
was calculated as the average number of spots per cell in the red 
channel. All images were postprocessed and analyzed using Columbus 
software version �.�.� (Perkin-Elmer) and ImageJ software. Maximum �D 
projections of z-stacks are presented.

Inhibition of FND-p-Man Internalization Mediated Via MR: The 
cells were seeded as described above. Inhibition of FND-p-Man 
internalization by MR was performed by receptor function neutralizing 
anti-Hu CD��� antibody clone ��.� (anti-macrophage mannose receptor 
antibody; Exbio) and mannan (Sigma-Aldrich). At ��� h after seeding 
the cells, the medium was exchanged for fresh medium with or without 
��mg�mL��  mannan or ��� �g�mL ��  ��.��mAb before live imaging. After 
��� min incubation, FND-p-Man (��� �g� mL �� ) in complete media was 
added. Live-cell imaging of MR inhibition was performed using a Cell 
Voyager CV���� high-throughput cellular imaging and discovery system 
(Yokogawa) at ����C in �% CO�  for ���h. Digital phase contrast (DPC) 
and red channel (ex ���� nm; em ���� �� ��� nm) were captured by a 
��� PH Long W.D. objective. Inhibition of FND-p-Man internalization 
was calculated by image quanti�cation as the average number of spots 
per cell in the red channel. All images were postprocessed and analyzed 
by Columbus software version �.�.� (Perkin-Elmer) and ImageJ software. 
Maximum �D projections of z-stacks are presented.

In Vivo Imaging: Animal experiments, including �uorescence 
imaging, were conducted in compliance with the applicable animal 
protection laws under protocol approval No. MSMT-�����/����-� and 
the institutional Animal Welfare Committee of the Faculty of Medicine 
and Dentistry of Palacky University in Olomouc. The studies were 
performed using female �-week-old Balb/c or C��BL/� mice (Envigo, 
Horst, The Netherlands). Small animal imaging was carried out under 
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�% iso�urane anesthesia (FORANE, Abbott Laboratories, Abbott Park, 
IL, USA) to minimize animal su�ering and prevent animal motion. 
C��BL/� mice were used for introduction of an appropriate tumor model 
for lymph node metastasis imaging studies as previously described in 
detail.[���]  B��-F�� melanoma cells (ATCC, Manassas, VA, USA) were 
cultured in Dulbecco’s modi�ed Eagle’s medium supplemented with 
��% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA). Mice were 
injected with �.�� �� �� �  B��-F�� murine melanoma cells into the right 
hind footpad. Two weeks after the implantation of B��-F�� cells, mice 
were injected with FNDs and treated as follows. �����L (����mg�mL �� ) 
of either FND-p-Man or FND-p was intra/peritumorally injected into the 
rear right paw of mice (n��� �). Whole-body �uorescence imaging was 
performed ��� h p.i. followed by immediate euthanasia of iso�urane-
anesthetized mice by cervical dislocation and popliteal lymph node 
collection and imaging. Fluorescence imaging of living animals as well 
as excised lymph node analyses were performed using the in vivo MS FX 
PRO system that is suitable for small animal imaging (Bruker Biospin 
Corporation, Woodbridge, CT, USA) ��� h p.i. Identical illumination 
settings (acquisition time ���s, �lters ����nm for excitation and ����nm 
for emission, f-stop �.�, �eld of view ����mm and binning �� �� �) were 
used to acquire all images, and �uorescence emission was normalized 
to photons�s�� �mm��  (P�s�� �mm�� ). Images were acquired and analyzed 
using Bruker MI SE software (Bruker Biospin Corporation, Woodbridge, 
CT, USA). In vivo imaging with non-tumor bearing animals were 
performed identically, but omitting tumor implantation step.

Histological Analysis: Popliteal lymph nodes excised ��� h p.i. from � 
tumor-bearing animals injected either with FND-p or FND-p-Man were 
�xed overnight with �% formaldehyde solution at ���C. The next day, 
�xed nodes were imbedded into para�n blocks using a tissue processor 
Tissue-Tek TEK (Sakura Finetek Europe B.V., Alphen aan den Rijn, The 
Netherlands). Prepared samples were cut into �–���m thin sections 
by a microtome (Pfm Medical, Poynton, UK) and depara�nized. 
Depara�nization of samples was performed by incubation in xylene 
(�� �� �� min) followed by rinsing in ethanol for �� min and then in 
water. The sections were then stained with �.�% neutral red solution 
(pH� �� �.�). Stained lymph node sections were analyzed by a light 
microscope (Carl Zeiss Microscopy) with a �� � magni�cation objective.

Statistical Analysis: In vitro imaging quanti�cation data of FND-p and 
FND-p-Man internalization and calculation of inhibition are reported as 
the mean���standard deviation (n����). Data acquired from maximum �D 
projections of z-stacks are presented. All biological replicates were done 
in � technical replicates. The obtained results were analyzed either by 
one-way ANOVA—Dunnett’s test or by two-way ANOVA—Tukey’s test 
using GraphPad Prism �.� software. In vivo imaging quanti�cation data 
are reported as the mean���standard deviation (n���� or �). The obtained 
results were analyzed using an unpaired two-tailed Student’s t-test using 
GraphPad Prism �.� software. In all tests, a p-value equal to or less than 
�.�� was considered to be signi�cant.
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Cystic � brosis (CF) is the most common autosomal recessive genetic disease in
Caucasians, affecting more than 100,000 individuals worldwide. It is caused by
pathogenic variants in the gene encodingCFTR, an anion channel at the plasma
membrane of epithelial and other cells. Many CF pathogenic variants disrupt the
biosynthesis and traf� cking of CFTR or reduce its ion channel function. The most
frequent mutation, loss of a phenylalanine at position 508 (F508del), leads to
misfolding, retention in the endoplasmic reticulum, and premature degradation of the
protein. The therapeutics available for treating CF lung disease include antibiotics,
mucolytics, bronchodilators, physiotherapy, and most recently CFTR modulators. To
date, no cure for this life shortening disease has been found. Treatment with the Triple
combination drug therapy, TRIKAFTA

®
, is composed of three drugs: Elexacaftor (VX-445),

Tezacaftor (VX-661) and Ivacaftor (VX-770). This therapy, bene� ts persons with CF,
improving their weight, lung function, energy levels (as de� ned by reduced fatigue),
and overall quality of life. We examined the effect of combining LAU-7b oral treatment
and Triple therapy combination on lung function in a F508deltm1EUR mouse model that
displays lung abnormalities relevant to human CF. We assessed lung function, lung
histopathology, protein oxidation, lipid oxidation, and fatty acid and lipid pro� les in
F508deltm1EUR mice.

Keywords: cystic � brosis, LAU-7b, TRIKAFTA, ceramides, fenretinide (4-HPR), sphingolipids, triple therapy, lung
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INTRODUCTION

Cystic Fibrosis (CF, OMIM #219700) is an autosomal recessive
disorder that commonly affects Caucasians. It is caused by genetic
mutations in a gene on human chromosome 7 which codes for an
epithelial membrane protein that acts as a cAMP-activated ATP-
gated chloride and bicarbonate channel and water transport
regulator, known as the cystic� brosis transmembrane
conductance regulator (CFTR) (Rommens et al., 1989).
Mutations affecting CFTR gene expression result in dif� culties
with the processing, folding, or traf� cking of the protein to the
membrane which adversely affect its function. Among the 2000
different genetic variants causing the disease, the most common is
F508del, a deletion of the codon for phenylalanine at position
508. This mutation leads to abnormal folding of the CFTR protein
and ultimately, degradation of F508del-CFTR occurs mostly at
the proteasome, after ER retention, which prevents its traf� cking
to the Golgi (Naehrig et al., 2017). Missing CFTR chloride
channels at the plasma membrane result in liquid depletion
and acidi� cation of the airway surfaces impacting mucus
clearance (Ratjen et al., 2015; Veit et al., 2016).

Phenotypically, CF manifestations are extremely variable and
can be observed in multiple organs such as the pancreas, the
gastrointestinal tract, the reproductive system, and most
prominently the lungs (Ratjen et al., 2015; Veit et al., 2016).
Moreover, Weber and others demonstrated a link between
defective CFTR protein and its implications in the activation
of the NF-� B pathway, associated with the drastic increase of IL-8
(Weber et al., 2001; Rottner et al., 2009).

In addition to cytokines, the impaired in� ammatory response
in CF re� ects an imbalance between the initiation and the
resolution of the in� ammatory response, with the
overexpression of pro-in� ammatory cytokines and mediators,
while anti-in� ammatory and pro-resolving mediators are
suppressed. During this imbalance in homeostasis, pro-
in� ammatory lipid mediators, including 2-series
prostaglandins and 4-series leukotrienes, are formed when 20-
carbon, omega-6 unsaturated fatty acid, arachidonic acid (AA), is
metabolized (Ricciotti and FitzGerald, 2011; Lands, 2015). On the
other hand, docosahexaenoic acid (DHA), a 22-carbon
unsaturated omega-3 fatty acid, is metabolized to yield anti-
in� ammatory resolvins and protectins (Serhan et al., 2008),
which can orchestrate the timely resolution of in� ammation
(Kohli and Levy, 2009). Therefore, the elevated AA levels in
persons with Cystic Fibrosis (PwCF) directly contribute to an
increased production of pro-in� ammatory mediators,
meanwhile, a decrease in DHA and EPA play important roles
in reducing the production of anti-in� ammatory mediators
(Lachance et al., 2013; Gari� et al., 2020b).

It has been well documented that sphingolipid metabolism is
dysregulated in CF (Guilbault et al., 2007; Guilbault et al., 2008;
Guilbault et al., 2009; Gari� et al., 2020b). Ceramides are
produced through various pathways and the relative
composition of speci� c species of ceramides depends on the
expression of speci� c combination of ceramide synthases in
the organs. In the lungs of healthy mice, very long-chain
ceramides (VLCCs, C24:0 CER and C26:0 CER) were shown

to represent more than 70% of the total ceramide pool, whereas
long-chain ceramides (LCCs, C14:0 and C16:0) constitute less
than 20% of the total ceramide pool (Petrache et al., 2013). The
relative ratios between VLCCs and LCCs are dramatically affected
in CF disease.

In 2006, Fenretinide (FEN), a synthetic retinoid, was reported
to effectively inhibit IL-8 release from CFTR-de� cient lung
epithelial cells (Vilela et al., 2006). Subsequently, FEN has
been studied in the context of in� ammation in CF disease and
its effects have been attributed to its overall ability to trigger the
resolution phase of in� ammation, as demonstrated by the
modulation of macrophage-secreted in� ammatory cytokines,
to the correction of omega-3/omega-6 fatty acid imbalances
impacting phosphorylation of ERK1/2, to the correction of the
ceramide de� ciency in PwCF, and to the resolution of lung mucus
plugging under infection withP. aeruginosa(Lachance et al.,
2013; Gari� et al., 2020a; Veltman et al., 2021). Furthermore,
Gari� et al. found a partial synergistic relationship between FEN
and Zinc (Zn2+), whose de� ciency has been reported in PwCF
and is associated with severity of CF lung disease (Yadav et al.,
2014; Gari� et al., 2017).

In 2015, a novel oral formulation of Fenretinide, LAU-7b, was
used in a Phase 1, double-blinded, randomized, (3:1, active:
placebo), placebo-controlled clinical study, involving 15 adult
PwCF (clinicaltrials.gov, NCT02141958). The results from this
trial indicated that LAU-7b was safe and well tolerated, while also
normalizing lipid imbalances and reducing oxidative stress, as
measured in pre-selected plasma biomarkers. Non-clinical
experiments with FEN have shown to normalize the aberrant
ratio between VLCCs and LCCs as well as AA/DHA ratioin vitro
F508del-CFTR expressing cell lines andin vivo (LAU-7b
formulation) in mouse models of CF (Lachance et al., 2013;
Gari� et al., 2020a; Veltman et al., 2021). It is hypothesized that
the cumulated bene� ts of FEN, both during and after the
exacerbation episodes, will translate into clinical bene� ts such
as preservation of pulmonary function, reduced incidence and
severity of exacerbation episodes, and ultimately a better quality
of life for CF patients. This hypothesis is being tested in a Phase II
clinical trial with LAU-7b in adult patients with CF (clinicaltrials.
gov, NCT03265288).

Several drugs that increase CFTR channel activity, known as
potentiators and correctors, have been developed to improve the
folding and/or traf� cking of the mutated CFTR protein to the
plasma membrane. In July 2012, Kalydeco®(Ivacaftor), the� rst
treatment to speci� cally target G551D mutations causing CF
(4–6% of patients), was approved by the Food and Drug
Administration (FDA) in the United States (US). In 2015, it
was followed by Orkambi® (Lumacaftor/Ivacaftor), a
combination of CFTR modulators targeting two copies of the
F508del mutation (F508del/F508del). In 2018, a more effective
combination, Symdeko®(Tezacaftor/Ivacaftor) addressing a
larger number of CF patients (30%) was released. In October
2019, the Triple-combination therapy TRIKAFTA®was approved
in the US for PwCF over the age of 12 with at least one copy of
F508del-CFTR and recently has been expanded to include an
additional 171 CFTR mutations (Table 3: List of CFTR mutations
responsive to VX-445+VX-661+VX-770 (Trikafta®) and
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approved by the FDA) (Lopes-Pacheco et al., 2021). TRIKAFTA®
is composed of three drugs: Elexacaftor (VX-445), Tezacaftor
(VX-661) and Ivacaftor (VX-770) which when usedin vitro are
referred to as a Triple therapy. Elexacaftor and Tezacaftor are
CFTR correctors, which work to increase the amount F508del-
CFTR protein that reaches the plasma membrane by aiding its
processing and traf� cking, while Ivacaftor is a CFTR potentiator
that works at the cell surface to increase chloride channel activity
(Hoy, 2019).

In this study, we examine whether the combination of LAU-7b
with TRIKAFTA®, could have the potential of translating into a
clinical bene� t to PwCF.

MATERIALS AND METHODS

F508deltm1EUR Mice
The Cftrtm1EURmouse model (C57BL/6J), heterozygous for the
F508delCFTRmutation, was obtained from the Erasmus Medical
Center (Rotterdam, Netherlands) (Wilke et al., 2011; Fontés et al.,
2015). Mice were fed with standard diet and waterad libitum.
Mice of 8–20 months were randomly assigned to� ve groups: 1)
Non-treated, 2) Vehicle-treated, 3) LAU-7b-treated, 4) Triple
drug-treated, and 5) combined Triple drug therapy and LAU-7b
therapy. The treated mice received daily doses of Vehicle, LAU-
7b (25 mg/kg) representing 10 mg/kg fenretinide content, Triple
drugs (32 mg/kg Ivacaftor, 21 mg/kg Tezacaftor, 42 mg/kg
Elexacaftor) or a combination of LAU-7b with Triple drug
therapy by daily gavageper os(p.o) over the course of 14
days. The daily doses of Ivacaftor, Tezacaftor and Elexacaftor
used in the mouse study were derived by allometric scaling from
the daily dose of each individual modulator contained in
TRIKAFTA®that was approved for treatment in adult CF
patients. Based on the preclinical data available in the NDA/
BLA Multi-disciplinary Review and Evaluation (NDA 212273)
for TRIKAFTA®, the bioavailability of the three CFTR
modulators are similar in rodents and humans. Furthermore,
all the derived doses used in the mouse study were below the
NOAEL (no observed adverse event level) determined in the
rodent toxicity studies with a duration of 28 days up to 3 months.

All animals were harvested 24 h after the last treatment. All
experimental procedures were in accordance with Facility Animal
Care Committee of the McGill University Health Center,
Montreal, QC, Canada.

Lung Resistance Analysis
Airway resistance was measured using a Buxco plethysmograph
system (Buxco Research System, Wilmington, NC,
United States), ventilators, and nebulizers (Harvard Apparatus,
Holliston, MA, United States). Mice were anesthetized using a
cocktail of ketamine, acepromazine and xylazine and were
connected to a ventilator through tracheotomy as previously
described (Kanagaratham et al., 2014). Standard invasive lung
resistance measurement was done just prior to mouse harvest. A
nebulizer was used to administer a saline dose followed by
ascending doses (50 mg/ml to 100 mg/ml) of methacholine
(MCh, Acetyl � -methyl choline, Cat: A2251, Sigma Aldrich,

Saint Louis, MO, United States). The maximal resistance at
each dose of MCh was determined for each mouse.

Lung Histology Analysis
The left lung lobe of mice in each treatment group was in� ated in
10% PBS-buffered formalin and kept in the solution for 48 h. The
lung section was then processed, paraf� nized, sectioned at 4 µm
thickness, then deparaf� nized, hydrated, and stained with
hematoxylin and eosin (H&E). In� ltrating cells were
quanti� ed in four airways/mice lung at ×20 magni� cation, that
of which were averaged and then normalized with the perimeter
squares of the airway basement membrane as previously
described (Kanagaratham et al., 2014).

CFBE41o- Epithelial Cells Overexpressing
wt-CFTR or F508del-CFTR
The human bronchial epithelial cell line CFBE41o-homozygous for
the F508del mutation was shown to retain several characteristics of
human CF bronchial epithelial cells (Ehrhardt et al., 2006). Parental
CFBE41o- (F508del/F508del) cellsare referred to as CFBE41o-(P)
and have negligible expression of CFTR. CFBE41o-(P) cells
overexpressing F508del/F508del are referred to as CFBE41o-
(F508del). CFBE41o-(P) cellsoverexpressing wt-CFTR are
referred to as CFBE41o-(WT). The CFBE41o-(P) cells originally
generated by Prof. Dr. D. C. Gruenert (Bruscia et al., 2002), with a
stable expression of wtCFTR, CFBE41o-(WT), and the CFBE41o-
(F508del) (Bebok et al., 2005) were generously provided from Dr.
John W. Hanrahan (McGill University at Montreal, Quebec,
Canada). Cells were grown in Eagle’s Minimum Essential
Medium (Wisent Bioproducts) supplemented with 10% fetal
bovine serum (Wisent Bioproducts), 5% penicillin-streptomycin
(Wisent Bioproducts) in a 5% CO2 - 95% air incubator at 37°C.

Treatment of CFBE41o-(P), CFBE41o-(WT)
and (F508del) Cell Lines for Lipid and
Protein Analysis
For lipid analysis, cell lines were seeded in 100 mm plates with
1,000,000 cells in 12 ml of media and grown overnight to 80%
con� uence and treated the next day. They were treated with
fresh drugs every 24 h, for a total time of 72 h with 1.25� M
LAU-7b (Laurent Pharmaceuticals) and 12.5� M zinc-sulphate
(Sigma-Aldrich), as well as Triple therapy composed of 3� M
Elexacaftor (VX-445), 3� M Tezacaftor (VX-661) and 10 nM
Ivacaftor (VX-770). After completion of treatment, the cell
monolayer was washed twice with warmed D-PBS (Wisent
Bioproducts), gently scraped with a cell scraper (Sarstedt),
and pipetted into a 1.5 ml screw cap tube� lled with 1 ml of
1 mM butylated hydroxyanisole (BHA) in a chloroform/
methanol solution (2:1 vol/vol) for mass spectrometry lipid
analysis. For protein analysis, CFBE41o-(F508del) cell line
was seeded in 60 mm plates with 500,000 cells in 6 ml of
media and grown overnight to 80% con� uence and treated
the next day. The cells were also treated for 72 h, with the
same drug concentrations as indicated above for the various
treatment combinations.
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Fatty Acid Analysis
Lipid analysis was done using CFBE41o-(P), CFBE41o-(WT) and
CFBE41o-(F508del) cells, 25 mg of macerated lung and liver
mouse tissue as well as 50 µl of plasma from each mouse,
preserved in BHA and stored at� 80°C. Classical puri� cation
of lipids was done as previously described by Folch et al. (Folch
et al., 1957) and phospholipids were identi� ed by thin layer
chromatography extraction.

In parallel, from the chloroform fraction of the extracted
lipids, the fatty acids were methylated under standard
conditions and the esters were identi� ed by gas
chromatography. An Agilent Technologies 6890 N gas
chromatograph (Germany) was used, equipped with a� ame
ionization detector and capillary column (30 m, 0.53 mm)
(Agilent Technologies 6890 N, Germany), silica was used as
stationary phase. The chromatographic conditions: detector
temperature 280°C; injector temperature 250°C; initial column
temperature 120°C for 1 min, and programmed to escalate at a
rate of 10°C per minute up to 200°C and then at 4°C per minute up
to the � nal temperature of 220°C. Nitrogen and hydrogen were
used as carrier and auxiliary gas, respectively, with a� ow rate of
1.3 ml/min. To perform the determination, 1� l of the derived
sample was injected, alternatively with a sample volume/internal
standard ratio of 80/20. Fatty acids were identi� ed by comparing
the retention times and relative retention times of the standards
with those of the samples purchased from Sigma Aldrich. The
results obtained in mg/100 g of the sample were calculated
according to AOCS methodology (AOCS 2017). Output
signals were monitored using Agilent Chem Station for GC
systems, data analysis and A/D converter 35900E. The data
were estimated by automated integration of the area under the
resolved chromatographic pro� le.

Ceramide Analysis
Tubes were mixed vigorously and centrifuged at 4°C for 5 min at
3,000 rpm. The organic phase was recovered and evaporated using a
Speedvac. The extracted lipids were separated as previously
described (Guilbault et al., 2008; Guilbault et al., 2009; Gari� et al.,
2017; Gari� et al., 2020b). Total ceramides were measured by ELISA
after TLC puri� cation, whereas quanti� cation of the speci� c
ceramides’ species among puri� ed ceramide pool were quanti� ed
using mass spectrometry. LC-MS/MS was carried out using a
TripleTOF 5600+ mass spectrometer (AB sciex) coupled to a
Dionex UltiMate 3000 LC-system. The separation column was
Kinetex 2.1 × 50 mm C18, guarded with a SecurityGuard 4 ×
2.0 mm C18 guard pre-column (Phenomenex). The mobile
phases were MilliQ water with 50 mM ammonium acetate and
0.1% formic acid (A) and isopropanol/acetonitrile (4:3) with 50 mM
ammonium acetate and 0.1% formic acid (B), The� ow rate was
300� l/min and the gradient was set up to 15 min run time with� rst
1.5 min running 15% B, then increasing to 85% B in 4.5 min, further
increase to 100% B in 12 min and decrease to 15% B in 15 min. The
injection volume was 10 µl using µl pick-up option and 15% B as
loading buffer using 20 µl sample loop. The sampler solvent was pure
isopropanol to prevent sample carry over between runs. The MS was
run in positive mode using AB Sciex DuoSpray ion source. The ion
source was set up to ion source gas� ow 1 to 45, gas� ow 2 to 40,

curtain gas to 30, temperature to 200 and ion source voltage to
4,500 V. The instrument was run in product ion mode with eleven
separate experiments, one per each monitored analyte. Lipid
standards were purchased from Sigma Aldrich and Avanti Polar
Lipids.

Analysis of Lipid and Protein Oxidation
Lipid peroxidation was measured� uorometrically using 2-
thiobarbituric acid-reactive substances (TBARs species) as the
end product of lipid peroxidation (Niehaus and Samuelsson,
1968; Ohkawa et al., 1979). Brie� y, the samples of cells or
macerated lung tissue were mixed with 8.1% sodium dodecyl
sulfate, 20% acetic acid, and 0.8% 2-thiobarbituric acid. After
vortexing, the samples were incubated for 1 h at 95°C after
which butanol-pyridine was added at a 15:1 (v/v) ratio. The
mixture was shaken for 10 min and then centrifuged. The
butanol-pyridine layer was measured� uorometrically at
552 nm after excitation at 515 nm (OptiPlate Perkin-Elmer
United States). The results are expressed in nmoles of
malondialdehyde (MD) (TBARs species) per mg of protein
in the samples re� ecting all thiobarbituric acid reactive
substances (Lykkesfeldt, 2007). Oxidative damage of
proteins was assessed using 3-nitrotyrosine as a surrogate
marker. 3-nitrotyrosine (3-NT) was determined by ELISA as
previously described using well-characterized antibodies (Ye
et al., 1996; Montes de Oca et al., 2008). The antibodies (mouse
IgG monoclonal, polyclonal against 3-nitrotyrosine and
polyclonal goat anti-rabbit IgG-peroxidase) were obtained
from Upstate Biotechnology (Lake Placid, NY). The
quanti� cation of 3-NT was performed using a standard
curve with known concentrations of 3-NT from chemically
modi� ed bovine serum albumin. The sensitivity of the assay
was 50 pg/ml.

Western Blot Analysis of
CFBE41o-(F508del)
CFBE41o-(F508del) cells were lysed in homemade RIPA buffer
(50 mM Tris at pH = 7.4, 150 mM NaCl, 50 mM NaF, 0.2 mM
Na3VO4, 0.1% SDS, 2 mM EDTA, 1% Triton-X, 0.5% Na-
deoxycholate) with freshly dissolved protease inhibitor tablet
(Sigma # 4693132001). The protein concentration was
determined using BCA Protein Assay Kit (Thermo Scienti� c
#23227) and proteins were denatured using 4x Laemmli Sample
Buffer (Bio-Rad, #1610747) with 10% (v/v)2-mercaptoethanol
(1x � nal) and RIPA. 20 µg of total protein was loaded on a gel
and proteins were separated on a precast 4–15% polyacrylamide
gradient gel (Bio-Rad, #4561085) by SDS-PAGE. Proteins were
transferred onto polyvinylidene di� uoride (PVDF) membrane
using semi-dry transfer and the fast semi-dry transfer buffer
(1X, � nal) containing 48 mM Tris, 15 mM HEPPS with freshly
added sodium bisulfate (1 mM� nal), EDTA (1.0 mM� nal) and
4 N, N-dimethylformamide (1.3 mM� nal) as previously
described (Gari� et al., 2013). Membranes were incubated
with primary antibodies: against the R domain of CFTR
(23C5, provided by Dr. John Hanrahan lab) and against� -
Actin (Santa Cruz, #sc-1616). Membranes were then incubated
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with secondary antibodies: goat anti-mouse (IgG-HRP, sc-
2005). Lastly, membranes were developed using
chemiluminescent kit (Bio-Rad, #170-5060).

Statistical Analyses
All statistical analyses were performed using GraphPad Prism 9
(GraphPad, San Diego, CA, United States). For lung function, a
two-way ANOVA with Sidak. For in� ltrating cells in the airways
of the mice, a two-way ANOVA with Bonferroni correction was
performed. As for the analysis of the oxidation markers, fatty
acids, VLCCs and LCCs, a Brown-Forsythe and Welch one-way
ANOVA with Dunnett T3 correction was used. For the analysis of
the VLCC/LCC ratio, a Kruskal–Wallis one-way ANOVA with
Dunn’s correction was performed. Lastly, for Western Blot
quanti� cation, a two-way ANOVA with Sidak correction
was done.

RESULTS

Combinatory Treatment of Triple Therapy
and LAU-7b Normalizes Lung Function in
Homozygous F508del/F508del Mice
Comparably to WT Controls
Lung function of F508del/F508del (DD) mice and WT mice
treated with LAU-7b, Triple therapy, the combination of the
two, or vehicle, was assessed using a classical lung resistance
evaluation following aerosolised challenge of the lung with
increasing concentrations of methacholine. Lung resistance of
14–20-month-old DD mice compared to their age-matched WT
controls (red) is shown inFigure 1A. While treatment with Triple
therapy (green) decreases the airway resistance in DD mice,
treatment with LAU-7b (grey) shows lower airway

hyperresponsiveness than all other treatment groups,
comparable to WT control mice. Triple therapy alone, LAU-
7b alone and their combination (black) shows protective effects at
the level of lung function. Lung function was improved to a
higher extent by combinatory treatment with Triple and LAU-7b
than Triple therapy alone, as demonstrated by a lower airway
resistance in this group of mice compared to Triple alone. In
Figure 1B, resistance values recorded for the saline and 100 mg/
ml MCh doses are shown to better illustrate statistical signi� cance
observed between the treatment groups. While DD NT and VEH
mice compared to Triple have ap-value of less than 0.05, when
compared to Triple + LAU-7b combination, thep-value is less
than 0.0005. The complete results of statistical analysis are
provided inSupplementary Table 1.

As shown in Figures 2A,B, the comparative analysis of
weights for DD mice across all� ve groups does not show any
statistical signi� cance prior to the experiment (Day 0) and 24-h
after� nal gavage (Day 15), respectively. In fact, the DD mice did
not display any statistical differences in weights between
treatment groups over the entire course of the oral gavage
(Supplementary Figure 1). When comparing controls (non-
treated, NT and vehicle treated, VEH) WT and DD mice
(Figures 2C,D), as expected there was a statistically signi� cant
difference between the weights of WT and DD mice, but there
was no statistically signi� cant weight difference among the
experimental groups within the same genotype.

LAU-7b and Triple Therapy Combination
Reduces Airway Hyperplasia and Immune
Cell In � ltration of the Airway in the Lungs of
DD Mice
After observing an improvement in airway hyperresponsiveness
following combinatory treatment, we assessed lung

FIGURE 1 |Airway function is signi� cantly improved in F508del/F508del (DD) mice upon treatment with Triple therapy, and further improved by addition of LAU-7b,
in response to MCh challenge. Treatment groups include Wild-type (WT) control (Non-treated & Vehicle, NT and VEH) (Red), DD NT and VEH (Blue), DD LAU-7b (Grey),
DD Triple therapy (Green) and DD Triple + LAU-7b (Black).(A) Comparisons shown between DD NT and VEH and DD Triple (p = 0.0118) and between DD NT and VEH
and DD Triple + LAU-7b (p = 0.0003). (B) Detailed analysis of the saline and 100 mg/ml MCh dose among the treatment groups.n = 3–12 mice for each group.
Two-way ANOVA with Sidak correction where *p < 0.05, **p < 0.005, ***p < 0.0005 and ****p < 0.0001.
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histopathology using H&E staining (Figure 3A). DD mice were
split into � ve treatment groups: non-treated, vehicle treated,
LAU-7b, Triple therapy and LAU-7b combined with Triple
therapy (Figures 3B–F). DD non-treated and vehicle treated
mice with deteriorating lung function show signi� cantly higher
airway hyperplasia (Figures 3B,C). Triple therapy, as well as
LAU-7b treatments alone, reduced elevated airway hyperplasia in
DD mice (Figures 3D,E). The combination of the two treatments,
given daily in a 14-day therapeutic cycle, resulted in further
improvement and homogenous looking lungs which show no
regions of hyperplasia in any of the multiple lung sections
analyzed (Figure 3F). However, although a signi� cant
improvement in airway resistance following Triple therapy
treatment was found, some lung sections still contain
pathologically unchanged lung tissue (Figure 3E). DD mice
develop thickening of the airway due to airway hyperplasia at
8-months old, without further worsening in mice 14–20 months
old. As for the WT NT males, there is minimal hyperplasia seen in
the airways upon comparison between 9-month-old and 14-
month-old WT mice (Supplementary Figure 2). We also
investigated the impacts of sex and age using our DD and WT
NT mice (Supplementary Figure 2). WT and DD mice between

the ages of 8–9 months and 14–20 months, both male and female,
were analyzed by H&E staining of the lungs (Supplementary
Figure 2). There was no difference in hyperplasia observed when
comparing males and females within each experimental group.
Furthermore, based on the histological assessment ofFigures
3A–F, the treatments have bene� cial effects on cellular
in� ltration in the lung parenchyma in DD mice treated with
LAU-7b (Figure 3D), Triple (Figure 3E) and Triple + LAU-7b
(Figure 3F) compared to DD NT and VEH treated mice (Figures
3B,C). In fact, DD mice treated with Triple and LAU-7b had
lungs that look very similar to WT control mice, with the
exception of hyperplasia that was still observed in some
airways examined.

In addition, we evaluated airway thickening caused by cell
in� ltration through quanti� cation of these cells from H&E-
stained lungs (Figure 3G). A signi� cant increase is observed
between the WT control group (NT and VEH, mean value
151.08,n = 6, SD 30.31) and both the DD non-treated (mean
value 277.5,n = 6, SD 87.98) and vehicle (mean value 321.6,n =
6, SD 30.37) treated groups. A signi� cant decrease can be seen
between vehicle treated mice compared to LAU-7b treated DD
mice (mean value 158.7,n = 11, SD 62.18). A greater

FIGURE 2 | Mice weights prior to (Day 0) and following 14-day treatment (Day 15) in Wild-type (WT) and F508del/F508del (DD) mice.(A,B) DD mice weights (g)
before treatment (Day 0) and 24 h following� nal treatment (Day 15) among treatment groups. There was no statistical signi� cance between any of these groups.n = 3–12
mice for each group.(C,D) Comparison between WT and DD mice controls which include non-treated (NT), or vehicle treated (VEH) mice.n = 8–13 mice for each group.
Welch’s t test was performed wherep = 0.0003.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8768426

Centorame et al. LAU-7b and Triple-Therapy in CF

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


improvement was observed between vehicle treated mice
(mean value 321.6,n = 6, SD 30.37) and Triple therapy
(mean value 158.9,n = 3, SD 12.21), as well as with their
combination (mean value 136,n = 3, SD 40.06). The results
indicate a potential bene� t with combinatory treatment of
LAU-7b and Triple therapy, reducing cellular in� ltration in
the airways of DD mice.

Correction of Oxidation Markers, Fatty
Acids and VLCCs/LCCs in the Lungs, Liver,
and Plasma of DD mice Treated with Triple
Therapy and LAU-7b
Non-treated and vehicle treated DD mice show increased baseline
levels of Malondialdehyde (MD), marker of lipid oxidation, and 3-

FIGURE 3 |Airway hyperplasia and cellular in� ltration in the lungs of Wild-type (WT) and F508del/F508del (DD) mice; Hematoxylin and eosin (H&E) staining.(A)WT
control mice (non-treated, NT and vehicle, VEH)(B–F) DD NT, VEH, LAU-7b, Triple and Triple + LAU-7b, respectively.(G) LAU-7b and Triple therapy treated DD mice
have signi� cantly lower lung cell in� ltration compared to placebo treated DD mice. For each mouse, measurements were done with at least four different airways per lung.
Quanti� cation was done by counting the number of in� ltrating cells around each of the four airways per lung and normalized by dividing the square of the perimeter
“in millimeter” of the airway basement membrane.n equal 3–11 mice for each group, Two-way ANOVA with Bonferroni correction where *p < 0.05, **p < 0.01.
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nitrotyrosine (3-NT), marker of protein oxidation, compared to WT
control mice (dotted green line) in lungs, liver, and plasma
(Figure 4). Triple therapy, and LAU-7b treatment signi� cantly
decrease levels of MD and 3-NT, in lungs, liver, and plasma
when compared to vehicle treated DD mice. Across all samples
shown in Figures 4A–F, combinatory treatment of Triple with
LAU-7b signi� cantly decrease both MD and 3-NT to comparable
levels with WT mice (dotted green line) or improves these levels
below WT, accentuating the bene� t of the combinatorial treatment
in slowing CF disease progression.

In Figure 5 levels of omega-3 (AA) and omega-6 (EPA and
DHA) fatty acids were investigated in DD mice lungs, liver, and
plasma. EPA and DHA levels are signi� cantly increased with
LAU-7b treatment p.o. when compared to placebo treated DD
mice. Combinatory treatment of LAU-7b with Triple therapy also
signi� cantly increases EPA and DHA comparably, if not higher,
than what is seen in WT controls. On the other hand, AA levels
are signi� cantly decreased by LAU-7b treatment, and this
decrease is further enhanced with Triple and LAU-7b
combination. Overall, combination treatment drastically
improves the imbalance observed in AA/DHA and AA/EPA
ratios in different organs and plasma of DD mice.

Next, long-chain ceramides (LCCs), C14:0 and C16:0, which
are typically elevated in DD mice as compared to WT controls
(dotted green line), show improvements upon treatment with
Triple therapy, or LAU-7b, both of which bring these levels below
those of vehicle treated DD mice (Figure 6). Interestingly, the
combination of Triple therapy with LAU-7b further decreases
LCC levels below the threshold seen in WT mice across all
samples. As for the very long-chain ceramides (VLCCs),
Figure 7 shows a baseline increase in C22:0 and a decrease in
C24:0, C24:1 and C26:0 levels in both DD non-treated mice and
vehicle treated mice. These levels are normalized to the levels seen
in WT mice (dotted green line) upon treatment with LAU-7b,
and Triple therapy. Again, combinatory treatment signi� cantly
increases in C24:0 and C24:1 compared to WT mice while also
improving C26:0 levels. Combination treatment also signi� cantly
decreases levels of C22:0, below WT levels.

Lastly, the ratios of VLCCs/LLCs for the lungs, plasma and liver
of DD mice were studied (Figure 8). Treatment with LAU-7b
(green) drastically improves the ratio of VLCCs/LCCs in lungs,
plasma and liver of DD mice. While Triple therapy treatment may
not show a statistically signi� cant improvement, it does show a trend
of correction of the ratio (purple). Moreover, the combination of
LAU-7b and Triple (orange) can restore and bring the VLCC/LCC
ratio above the levels seen in WT mice (dotted green line). Such
correction is like that of LAU-7b�s effect on its own.

FIGURE 4 | Combination of LAU-7b with Triple therapy restores the
imbalances of oxidative stress markers in the lungs, plasma, and liver of
F508del/F508del (DD) mice. ELISA analysis of mouse lungs(A,B), plasma
(C,D) and liver(E,F). Levels for both 3-nitrotyrosine (3-NT) and
malondialdehyde (MD) are signi� cantly elevated in Non-treated (NT,n = 6) and

(Continued)

FIGURE 4 |vehicle treated (VEH,n = 8) DD mice as compared to mean levels
seen in WT mice (dotted green line). LAU-7b treatment (n = 12) signi� cantly
decreases levels of MD and 3-NT in all organs and plasma. Triple therapy (n =
3) treatment on its own has minimal effect. However, combinatory treatment
with LAU-7b and Triple therapy (n = 3) restores the decrease in 3-NT and MD
seen in the LAU-7b treated mice, when compared to VEH treated DD mice.
Brown-Forsythe and Welch One-Way ANOVA with Dunnett T3 correction,
where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 5 |Correction of fatty acids in the lungs, plasma and liver of F508del/F508del (DD) mice is enhanced upon combination of Triple therapy and LAU-7b. Gas
chromatography analysis of mouse lungs(A–C), plasma(D–F) and liver(G–I) fatty acids. LAU-7b signi� cantly increases omega-3 fatty acids, eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) in all three samples comparably to mean levels seen in WT mice (dotted green line). While Triple therapy alone only shows limited
level of correction in lungs and plasma, the combination of the two signi� cantly increases EPA and DHA in all samples when compared to vehicle (VEH) treated DD
mice. Meanwhile, omega-6 fatty acid, arachidonic acid (AA) levels are signi� cantly decreased in both LAU-7b and Triple therapy treated DD mice seen in all samples.
Further improvement is seen upon combination of the two treatments (n = 6, 8, 12, 3, 3, respectively for DD-NT, DD-VEH, DD-LAU-7b, DD-Triple, DD-Triple + LAU-7b).
Brown-Forsythe and Welch One-Way ANOVA with Dunnett T3 correction, where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Triple Therapy, Fenretinide and
Physiological Concentration of Zinc
Combination Shows Improvement in VLCC/
LCC Ratio in CFBE Cell Lines
To assess causality of the combination treatment we also studied
VLCC/LCC ratio improvementsin vitro, in CFBE41o-(P),
CFBE41o-(WT) and CFBE41o-(F508del) cell lines. Levels of
LCCs (C14:0, C16:0), as well as VLCCs (C22:0, C24:0, C24:1,
C26:0) were measured, and their ratios were obtained
(Supplementary Figure 3). Similar trends are observed for
CFBE41o-(P) and CFBE41o-(F508del) cell lines when it comes to
their VLCC/LCC ratios. At baseline, CFBE41o-(P) and CFBE41o-
(F508del) display an 8% and 19% decrease in the VLCC/LCC ratio,
when compared to CFBE41o-(WT) cells (dotted line). Fenretinide
and physiological levels of zinc improve VLCC/LCC ratio by
approximately 2-fold when compared to vehicle, in both cell
lines. Triple therapy treatment does not show improvements in
VLCC/LCC ratio. However, Triple therapy in combination with
fenretinide and physiological concentration of zinc restores the
VLCC/LCC ratio to a similar fold increase as seen with
fenretinide and zinc treatment alone, with both treatments
elevating the ratio above the baseline seen in CFBE41o-(WT).

Improvement in Total Levels a Glycosylation
Status of CFTR Upon Combinatorial
Treatment with FEN, Triple Therapy and
Zn2+ in CFBE41o-(F508del)
Given that CFBE41o-(P) does not have any detectable CFTR protein,
the total levels of CFTR protein were assessed in CFBE41o-(F508del)
cells treated with Triple therapy, fenretinide or the combination of
both treatments, by Western blotting (Figure 9A). The B band for
CFTR is ~131 kDa, which represents the core glycosylated CFTR
processed in the endoplasmic reticulum (Cheng et al., 1990;
O’Riordan et al., 2000; Mall et al., 2004). The C band for CFTR,
which is ~160 kDa, represents the fully glycosylated mature CFTR
and would indicate processing of the protein in the Golgi apparatus
(Cheng et al., 1990; O’Riordan et al., 2000). As expected, the
CFBE41o-(F508del) cell line does not express the fully
glycosylated and mature CFTR. Only the B band can be observed
on the immunoblot.Figure 9B illustrates the quanti� cation data
normalized to actin expression levels and shows the differences that
were statistically signi� cant. Following 3-day treatment with FEN, the
B band was enhanced by 1.5-fold (50%), and upon combination of
FEN with Zn2+, the B band is further enhanced to 1.85-fold. This
indicates an increased amount of core glycosylated CFTR protein in
the cells, while the fully glycosylated mature form represented by the

FIGURE 6 |Decrease of long-chain ceramides (LCCs) is enhanced upon
Triple therapy and LAU-7b combination in the lungs, plasma, and liver of
F508del/F508del (DD) mice. Mass spectrometry analysis of mouse lungs
(A,B), plasma (C,D), and liver(E,F). LAU-7b treatment signi� cantly
decreases LCCs C14:0 and C16:0 when compared to vehicle (VEH) treated

(Continued)

FIGURE 6 | DD mice in all three samples below mean levels seen in WT mice
(dotted green line). Similar decrease is also seen upon treatment with Triple
therapy. The combination of the two treatments yields a stronger decrease in
LCCs than with Triple alone in all samples (n = 6, 8, 12, 3, 3, respectively for
DD-NT, DD-VEH, DD-LAU-7b, DD-Triple, DD-Triple + LAU-7b). Brown-
Forsythe and Welch One-Way ANOVA with Dunnett T3 correction, where *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 7 | Combination of Triple therapy and LAU-7b exhibits stronger effects in correcting levels of very long-chain ceramides (VLCCs) than Triple therapy
treatment alone in the lungs, plasma, and liver of F508del/F508del (DD) mice. Mass spectrometry analysis of mouse lungs(A–D), plasma(E–H) and liver(I–L). Upon
treatment of LAU-7b and Triple therapy on their own, VLCC C22:0 shows signi� cant decrease while C24:0 and C24:1 show a signi� cant increase when compared to
vehicle treated DD mice in all samples. Moreover, levels are corrected towards mean levels seen in WT mice (dotted green line). Meanwhile, only LAU-7b
signi� cantly increase C26:0 levels. Combination treatment of LAU-7b and Triple therapy show stronger effects for VLCCs C22:0, C24:0 and C24:1 than with Triple alone.
However, VLCC C26:0 is somewhat increased by Triple and combination therapy but is not as strong as with LAU-7b alone (n = 6, 8, 12, 3, 3, respectively, for DD-NT,
DD-VEH, DD-LAU-7b, DD-Triple, DD-Triple + LAU-7b). Brown-Forsythe and Welch One-Way ANOVA with Dunnett T3 correction, where *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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C band remains almost undetectable. While treatment of 1-day or 3-
day Triple therapy does not enhance the B band for CFTR, a
substantial improvement can be seen upon 3-day treatment with
FEN and Triple therapy by 2.1-fold, and upon addition of Zn2+, is
further ameliorated to 2.6-fold increase. As for the C band,
enhancement is seen for 3-day FEN treatment, Triple therapy
treatment for 1 and 3-days, as well as the addition of Zn2+. Of all
the treatments, combinatorial treatment with 3-day FEN and 3-day
Triple therapy in the presence of physiological concentration of Zn2+,
yields the highest intensity for the C band, with a 7.5-fold increase,
compared to vehicle. These results demonstrate that treatment with
combination of both FEN and Triple augments the total CFTR
protein levels further than with Triple therapy alone. These effects can
be attributed to increased protein synthesis, stabilization, and/or
decreased degradation, ultimately enhancing the ef� cacy of the
modulators. The mechanism of additive effect of this combinatory
treatment should be further investigated.

DISCUSSION

CF impacts more than 100,000 individuals worldwide (Shteinberg
et al., 2021). To date, there is no cure for CF and available
treatments target its symptoms. However, CFTR modulator and

potentiator therapies which target the genetic defect of the
disease, have brought much hope to the CF community.
Recently, two randomized, double-blind, phase 3 clinical trials
involving TRIKAFTA®, for CF patients 12 years and older,
heterozygous or homozygous for the F508del mutation
(NCT03525444 and NCT03525548) (Heijerman et al., 2019;
Middleton et al., 2019; Zah et al., 2021) were successfully
completed and led to the approval of TRIKAFTA®treatment
in 2019. More recently, TRIKAFTA®was approved in younger
patients, 6–11 years of age, heterozygous or homozygous for the
F508del mutation, following a con� rmatory Phase 3 trial in this
CF population (NCT03691779) (Zemanick et al., 2021). Across
all three studies, improvement in percentage of predicted FEV1

(ppFEV1) indicated better lung function, lower sweat chloride
concentrations and a higher Cystic Fibrosis Questionnaire-
Revised respiratory domain (CFQ-R RD) score indicating less
respiratory symptoms and a better overall quality of life (Zaher
et al., 2021). Furthermore, an observational study in PwCF
homozygous for the F508del mutation ranging from 20.8 to
48.3 years old (median age = 31.1 years) taking TRIKAFTA®
over the course of 48 weeks was done (Carnovale et al., 2022).
Although in� ammation was not evaluated, an improvement in
FEV1, body mass index and sweat chloride was observed. On the
other hand, a decrease in exacerbation and a need for intravenous

FIGURE 8 |Combination of Triple therapy and LAU-7b improves VLCCs/LCCs ratios in lungs, plasma and liver of F508del/F508del (DD) mice. Treatment of LAU-
7b improves the ratio of VLCC/LCC in all samples of DD mice which is higher than mean levels seen in WT mice (dotted green line). Meanwhile, the same effect is not seen
in DD mice treated with Triple therapy alone. However, the combination of LAU-7b and Triple can restore and bring the VLCC/LCC ratio in lungs, plasma and liver of DD
mice above the levels seen in WT mice (n = 6, 8, 12, 3, 3, respectively for DD-NT, DD-VEH, DD-LAU-7b, DD-Triple, DD-Triple + LAU-7b). Kruskal–Wallis One-Way
ANOVA with Dunn’s correction, where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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antibiotics was reported. However, it is important to note that due
to COVID-19, CF clinics have seen less bacterial exacerbations
since patients were isolating and wearing masks. This is relevant
given it is a retrospective study (i.e., without adequate control
group comparisons) (Carnovale et al., 2022).

While the disease results in the occurrence of many symptoms,
lung deterioration caused by repeated bacterial, viral infections,
and exacerbations are the main cause of mortality and morbidity

(Ratjen et al., 2015). To treat these infections, a combination of
anti-bacterial, antifungal, and antiviral medications is needed, but
cause complications after repeated and extended periods of use
(Hahn et al., 2018). Therefore, novel treatment options that can
mitigate the genetic defects of the CFTR protein while also
addressing the in� ammatory storm seen in PwCF, still need to
be explored. Interestingly, a study by Gentzsch et al. found that
the rescue of mutant CFTR was improved upon CFTR modulator
therapiesin vitro undergoing airway epithelial in� ammation
(Gentzsch et al., 2021). This could prove to be very intriguing
and would be interesting to see in anin vivo model.

An interesting strategy, which has gained much ground across
various � elds in the last decade, is the repurposing and
combination of drugs, in the hope of achieving additive and
even synergistic effects in treating diseases. In CF disease, small
molecule combination has been the strategy employed by the
pharmaceutical industries and academic laboratories, which
yielded the most successful results (Lopes-Pacheco, 2019;
Villella et al., 2019; Pinto et al., 2021).

It was therefore important to investigate whether the
in� ammation-controlling (pro-resolution) treatment, LAU-7b,
would be complementary to the recently approved
TRIKAFTA®therapy and not interfere with the ef� cacy of the
combination in mice with CF lung disease. With the eventual aim
of improving the quality of life for PwCF and to address a broader
range of the pathology observed in CF lung disease, we have
assessed the ef� cacy of the combination of pro-resolution LAU-
7b, with modulator and corrector therapies.

This study examined the impacts that combinatory treatment
of LAU-7b (oral fenretinide) and a Triple therapy similar to
TRIKAFTA®havein vivoon DD mice, and alsoin vitro, using a
CFBE overexpressing F508del cell line. While each treatment on
its own has demonstrated ameliorative effects in the studies
conducted thus far, their combination is studied here for the
� rst time. TRIKAFTA®’s mechanism of action remains to be fully
elucidated. However, it is thought that correctors, Elexacaftor and
Tezacaftor, directly interact with the mutant CFTR protein,
facilitating its movement and traf� cking to the Golgi, while
the potentiator Ivacaftor, increases channel activity at the
membrane level (Zaher et al., 2021). LAU-7b�s mechanism of
action was previously discussed; functioning as a membrane lipid
modulator and exerting in� ammation-controlling (pro-
resolution) in multiple in vitro and in vivo systems (Gari�
et al., 2017; Gari� et al., 2020b). Given our understanding of
the two treatments and the bene� ts they each have, we began by
studying their combinationin vivoin our older, 14 to 20-month-
old DD and WT mice. Before studying the effect of various
infections on the ef� cacy of TRIKAFTA®, it was important to� rst
study mice that develop CF lung disease even under pathogen-
free conditions. This occurs when CF mice reach an age
corresponding to that of PwCF at which those with a class 1
and 2 mutations in the CFTR gene have a decline in the force
expiratory volume in 1 s (FEV1).

After diagnosis of CF lung disease, a standard measure of
disease progression and airway obstruction is FEV1 tested by
spirometry (Szczesniak et al., 2017). Declining pulmonary
function among PwCF is age-dependent, however, the most

FIGURE 9 | Total CFTR protein level in CFBE41o-(F508del) cell line.
Western blot analysis(A) and quanti� cation of three replicates(B). The CFTR
protein has two glycosylated forms, the B band which is ~131 kDa, or the C
band at ~160 kDa. For both B and C bands, the greatest fold change
can be seen upon combinatory treatment of FEN, Triple therapy, and Zinc.
Two-way ANOVA with Sidak correction, where ***p < 0.001, ****p < 0.0001.
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dramatic drop in FEV1 occurs between puberty and the age of 30,
although it is dependent on the CFTR gene mutation. The decline
in lung function over time in CF patients results from chronic
airway in� ammation and mucus dehydration, which are triggered
by infection-induced increases in pro-in� ammatory lipid
mediators, which are regulated by AA release (Miele et al.,
1997; Elizu et al., 2008). In mice, an invasive measure of
airway resistance is a gold standard assay performed to
monitor pulmonary function. InFigure 1A, our WT control
group showed an expected slight increase upon MCh addition.
However, a signi� cant impairment in airway function is seen for
the DD NT and VEH treated mice, most notably at the 100 mg/ml
MCh dose, upon comparison to WT control (Figure 1B).
Moreover, a signi� cant improvement is seen upon treatment
with LAU-7b, which shows airway resistance levels comparable to
healthy WT controls. While Triple therapy treatment improves
airway function, its effects are less marked than those seen in
LAU-7b treated animals. The mice treated with the combination
of Triple therapy and LAU-7b, displayed a signi� cant
improvement in lung function. The normalization of lung
function upon combinatory treatment denotes a lower airway
hyperresponsiveness, like that of WT control mice. This indicates
that mice treated with LAU-7b, or LAU-7b + Triple therapy, have
signi� cantly better pulmonary function than mice treated with
only Triple therapy.

In PwCF, the abnormal mucosal defences facilitate recurrent
chronic infection, most often withP. aeruginosaand sometimes
with Aspergillus fumigatus, which negatively impacts the
in� ammatory milieu leading to lung damage and eventually
lung failure, the main cause of morbidity and mortality in
PwCF (Leclair and Hogan, 2010; Ratjen et al., 2015; Cottrill
et al., 2020). It is well documented that MUC5AC
overexpression plays a key role in airway plugging, and both
MUC5AC and MUC5B are not only upregulated in chronically
infected PwCF but are further augmented during lung
exacerbations that happen in a large percentage of PwCF
3–4 times a year (Rowe et al., 2005; Fahy and Dickey, 2010;
Gari� et al., 2020a). To improve mucus clearance, mucoactive
agents, consisting of mucolytics and hyperosmolar agents, can be
used (Hurt and Bilton, 2014). Bronchodilators work to improve
airway opening by relaxing the smooth muscles in the bronchial
wall facilitating mucus clearance (Smith and Edwards, 2017;
Smith et al., 2020). Despite various treatments, delayed
resolution of in� ammation that frequently occurs in PwCF
following exacerbation, often results in permanent lung
damage. To assess lung deterioration in our F508del mice that
were kept in a speci� c pathogen free condition (SPF), histological
analysis of lung sections stained with H&E was done (Figure 3).
Histology revealed overall ameliorated pathological parameters in
mice treated with LAU-7b and LAU-7b in combination with
Triple therapy as compared to vehicle treated controls, further
supporting the results obtained for the physiological assessment.
Hyperplasia of airways with signi� cantly thickened airway lining
is a pathological feature of cystic� brosis and other respiratory
diseases (Gorrieri et al., 2016). In Figure 3, a major difference can
be seen between the airways of the WT control mouse and the
DD-NT or DD-VEH mouse. Both DD-NT and DD-VEH mice

have elevated levels of hyperplasia compared to WT control.
These results corroborate the� ndings of a lower airway resistance
in WT mice, and higher resistance in DD NT and VEH treated
mice, highlighting the drastic difference in overall pulmonary
health for these two groups. While treatment with LAU-7b or
Triple therapy reduce airway cell hyperplasia, the combination of
LAU-7b and Triple therapy yields superior results compared to
Triple therapy alone, with uniform looking lungs, comparable to
those of WT controls. The histology images are further supported
by Figure 3G, displaying the lowest number of in� ltrating cells
for the combinatory treatment group.

In response to allergic reactions or infections, goblet cells
present in the airways start production of mucus, and an increase
in the reproduction rate of these cells leads to mucus
hypersecretion, leading to abnormal mucus accumulation and
airway plugging. This results in decreased antimicrobial functions
and impaired mucociliary clearance, which can further worsen
the CF condition (Puchelle et al., 2002). Histological assessment
of lung sections demonstrates that treatment with LAU-7b and
Triple therapy dramatically diminish the thickening of the airway
lining. As the in� ammatory response in the lungs of PwCF is self-
perpetuating and can be worsened by abnormal immune activity,
it is important that any developing CF treatment considers the
likely possibility of goblet cell hyperplasia and its consequences.
Mucin expression that is inducible upon allergic response to
Aspergillus antigens and infections withP. aeruginosa,
Staphylcoccus aureusand other bacterial and fungal induced
lung pathology was not evaluated in the current study, but is
one of the important aspects of our ongoing studies.

Since oxidative markers, fatty acids, and overall lipid pro� les,
are known to be dysregulated in both CF mice and PwCF from
birth, prior to their development of CF lung disease (Strandvik
et al., 2001; Strandvik, 2010; Youssef et al., 2020), further
analysis was done using a portion of the liver, lung and
plasma of WT and DD mice under the various treatments to
obtain the lipidomic pro� le of those mice,� rst, oxidative stress
markers were analyzed. Being a universal biological response,
oxidative stress plays a major role in a variety of in� ammatory
disease conditions. In CF, neutrophils are continuously
recruited to the airways and liberate their toxic products
such as oxidants, in an uncontrolled fashion (Hector et al.,
2014). While antioxidants shield the lung from free oxidative
damage in healthy patients, the amount and duration of
neutrophilic in� ammation overwhelms these defence systems
in CF subjects, leading to increased protein and lipid oxidation
in the lungs. To improve the defense system in PwCF, it is
important to introduce a treatment which reduces levels of lipid
and protein oxidation as marked by MD and 3-NT, respectively.
In Figure 4, LAU-7b treatment in DD mice signi� cantly
reduced levels of MD and 3-NT in the lungs, plasma, and
liver, to a greater extent than Triple therapy treatment.
However, upon combination with Triple therapy,
improvements are comparable to that of LAU-7b alone,
lowering the levels of those oxidative markers below the
WT threshold. Thus, the combination of Triple therapy with
LAU-7b, is signi� cantly better than Triple therapy alone,
given LAU-7b�s antioxidant properties counteracting the
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overwhelming recruitment of neutrophils seen in lung
in� ammation.

Moreover, fatty acids abnormalities, in AA, DHA, and EPA, are
consistently reported in CF (Sinaasappel et al., 2002). These
abnormalities create an imbalance in the DHA/AA ratio in
favour of AA, contributing to the increase in pulmonary
in� ammation and mucus dehydration, resulting in deterioration
of PwCF’s condition. However, the causal connection between the
expression of CFTR protein andthis phenomenon has rarely been
examined. Some evidence that suggests a role for CFTR in fatty acid
metabolism as it was shown in cell culture models, where CFTR
dysfunction results in defective fatty acid composition (Andersson
et al., 2008). Furthermore, similar polyunsaturated fatty acid changes
in CF affected organs such as the lung, pancreas and ileum have been
reported in CFTR knock-out mice, further suggesting a causal link
between CFTR and fatty acid metabolism (Freedman et al., 1999).
Further studies also report that modulation of saturated fatty acids
correlates with the modulation of LCCs and VLCCs (Gari� et al.,
2020a). In Figure 5, EPA and DHA levels are shown in the lungs,
plasma and liver of DD mice. Upon treatment with LAU-7b, a
signi� cant increase in those omega-3 fatty acids was observed. While
treatment with Triple therapy alone did show some improvement, it
is only after its combination with LAU-7b that we see an increase in
EPA and DHA comparable and even exceeding levels of EPA and
DHA seen in WT mice. Combinatory treatment with Triple therapy
and LAU-7b shows normalization of AA levels, which is not seen
with Triple therapy treatment alone.Figures 6and7show LCCs and
VLCCs levels in lung, liver and plasma, respectively. In 2020, Liessi
et al. performed an untargeted lipidomic analysis on CFBE41o-cells
upon various treatment groups, which included the Triple
combination therapy (VX-661/VX-445/VX-770) (Liessi et al.,
2020). Our results, as seen inFigures 6and 7 corroborate their
� ndings (Figure 4), of a downregulation in C14:0 and C16:0 and a
concomitant upregulation in VLCCs (Liessi et al., 2020). Recently, an
interesting study was published by Westholter and others reporting
ceramide levels obtained from plasma analysis of 25 PwCF (age
35.56 ± 12.75; 20 out of 25 with intermittent or chronic
Pseudomonas infection) treated for 4 weeks with TRIKAFTA®
(Westhölter et al., 2022). A very modest improvement (decrease)
in C16:0 ceramide levels (0.218 ± 0.09 before treatment and 0.178 ±
0.06 (p= 0.0051) after 4 weeks of treatment) with TRIKAFTA®was
reached. Furthermore, a very modest improvement in the levels of
C24:0 (1.354 ± 0.47 before and 1.674 ± 0.65 after 4 weeks of
treatment (p = 0.0048)) was also achieved. However, only 3
PwCF out of 25 reached levels for C24:0 of 2.5 after treatment,
with none of the patients reaching a level of 4, which is typical for
healthy individuals (Gari� et al., 2017). No improvement in C22:0 or
C24:1 ceramide was reported following the treatment with
TRIKAFTA®and no analysis of C26:0 ceramides was done. The
ratio between C16Cer/C24Cer has improved from 0.171 ± 0.06
before treatment to 0.112 ± 0.03 after 4 weeks of TRIKAFTA®
treatment (p-value =<0.001) (Westhölter et al., 2022).

In Figure 8the VLCC/LCC ratio, which is known to be altered
in CF disease, is emphasized. While Triple therapy can partially
improve this ratio by increasing VLCC levels and decreasing LCC
levels, the greatest correction occurs upon combinatory treatment
with LAU-7b, surpassing the WT threshold in lungs, liver, and

plasma of WT mice. Overall, Triple therapy alone seems to be
bene� cial in terms of correcting the pool of fatty acids, and
ceramides, however, the combination of Triple and LAU-7b is
demonstrated to be superior in further ameliorating these levels
to similarity with what is seen in WT mice. This cooperative effect
might be particularly important for PwCF since most of them are
chronically infected with bacteria such asP. aeruginosa, and/
or fungi.

Results obtainedin vitro corroborate thein vivo� ndings, once
again demonstrating that the combination of Triple with LAU-7b
is more ef� cacious in improving the VLCC/LCC ratio of the
CFBE41o-(F508del) cell line, than Triple therapy alone.
Interestingly, our data demonstrated that fenretinide treatment
increases total CFTR protein levels (Figure 9), in the same cell
line, thereby providing more protein that can be subsequently
processed to the cell membrane with the help of modulators and
the potentiator, enabling functional recovery of CFTR channel.

Ultimately, there is a bene� t for PwCF from TRIKAFTA®.
Moving forward, it is imperative to study whether the effect of
TRIKAFTA®is long-lasting and whether the lung in� ammation
resulting from recurrent lung infections does not diminish its
ef� cacy over time, as previously seen with Kayldeco®, a similarly
effective CFTR modulator (Heltshe et al., 2018). The
combination of Triple therapy and LAU-7b might resolve
this important facet. Taken together, the results obtained in
this study strongly suggest for a potential clinical bene� t from
using TRIKAFTA®in combination with LAU-7b, with the aim
of slowing the lung degradation and further improving overall
quality of life in PwCF.

While the study presented above can have a lasting impact for
PwCF, there are limitations. The cost of the Triple treatment was
a limiting factor in our decision for the number of mice to include
in each treatment group. Therefore, we chose to include 3 mice in
each Triple and Triple + LAU-7b groups, given it is the minimum
number of mice required to achieve statistical signi� cance.
Furthermore, kinetics of in� ammatory mediators and mucin
induction, which is usually following exposure to lung
pathogens or their� ltrates, could not be evaluated in this
study since animals were maintained in a speci� c pathogen-
free (SPF) condition. The airway thickening quanti� cation in
Figure 3G is based on a semi-quantitative assessment of four
airways per mouse lung at ×20 magni� cation and establishment
of a fully quantitative approach would be desirable in the future.
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